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Abstract 
Renewable and sustainable energy are developed to address global energy demand which 
has increased dramatically. Among them, syngas/producer gas, defined as a gas fuel 
consisting of hydrogen (H2), carbon-monoxide (CO), carbon dioxide (CO2), water vapour 
(H2O), nitrogen (N2), and methane (CH4) as a major species, is one of the interesting options. 
The lower CO2 emission than fossil fuel and flexibility in the production process and 
feedstock are its advantages. However, these benefits have a side effect because of the 
diversity in fuel composition which affects the combustion characteristics directly [1]. The 
utilisation of syngas in the conventional gas fuel combustion systems would, therefore, 
require an in-depth investigation and microscopic understanding of the impact of each 
species of hybrid gas composition on combustion. This information is an essential step in 
the development of efficient combustion technologies.  
The research work presented in this thesis addresses some of these challenges with the 
identification of the knowledge gap in syngas combustion. The study focused on the 
numerical investigation of the impacts of syngas composition on the combustion and flame 
characteristics, with a particular focus on the role of syngas composition in heat generation 
capability, emission, and flame instability. The study firstly investigates the impact of the 
content of H2 in fuel stream on the diffusion flame characteristics including flame 
temperature, flame dimension, heat generation and emission. The studied fuel is H2/N2 
mixed, and the first modelling on a stable co-flow diffusion flame is performed based on an 
axisymmetric burner presented in Toro et al. [2]. The content or volume of H2 in the fuel 
stream is controlled by the fuel rate as well as the concentration of H2 in fuel composition 
(ܺுమ). The results generally show that an increase in the H2 content supplied into combustion 
escalate the flame size and heat generation. In particular, the flame width and flame 
temperature are dominated by ܺுమwhile the flame length is affected strongly by the fuel rate. 
The thermal nitrogen oxide (NOx) formation mechanism also plays a significant role since 
the flame with a higher flame temperature formulates NOx at a higher rate. Also, the heat 
generation from flame is affected strongly by the flame size and temperature, which 
compensate each other. 
Secondly, the impact of diversity in syngas/producer gas composition on the heat generation 
capability and emission are examined. The study reports that the total heat generation 
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capability of the diffusion flame (Qtotal) depends strongly on the combustion heat release 
property of fuel (Qmax) and flame dimension. These parameters also compensate for the role 
of each other; for example, the higher value of Qtotal is obtained from a larger flame of fuel 
with a lower value of Qmax. CH4 encourages heat generation capability but decreases the 
consumption and emission per unit of heat generated. CO promotes heat generation and 
decreases fuel consumption at a weaker level than CH4. However, a higher production rate 
of CO2 emission per unit of heat generated is a side impact of a higher concentration of CO. 
H2 plays a significant role in the flame temperature but encourages heat generation at the 
weaker level than CO. Non-combustible species reduces the heat generation capability, and 
the weaker impact of CO2 causes it is more desirable than N2. Additionally, it is noticed that 
CO2 assists the radiative heat transfer property of the flame. 
Thirdly, an occurrence of oscillation in syngas laminar co-flow diffusion flame is studied. 
The phenomena occur due to the impact of Kelvin-Helmholtz instability on the mix of fuel 
and air at the flame front. Two types of flame oscillation ‘flickering and tip-cutting’ are 
found when the fuel and oxidiser are supplied into combustion at an improper ratio. The 
simulation model is formulated based on the burner geometry of Darabkhani et al. [3]. The 
oscillating flame is created without co-flow air to stabilise. The flame is stable at a low fuel 
rate then transforms into a flickering/tip-cutting flame at a higher fuel rate. The syngas with 
a lower H2:CO promotes a higher magnitude of flame oscillation. However, the value does 
not increase further when H2:CO < 1; i.e. the syngas flame with H2:CO = 1 has a comparable 
impact of flame oscillation when considering H2:CO < 1. Diluting CH4 in syngas 
composition significantly increases the magnitude of oscillation at a significantly stronger 
level than CO. Adding CO2 or N2 to syngas composition results in the opposite direction. 
Also, the flame oscillation directly affects the fluctuation in heat generation capability. 
Finally, further study is processed with an aim to minimise/eliminate the flame oscillation. 
The fuel rate is kept constant while the air rate supplied is escalated for this part of the study. 
The magnitude of oscillation of the flame reduces, then the flame becomes stable at a higher 
air rate since the vortices of the K-H instability are pushed outside the visible flame. Further, 
the impact of fuel composition on this phenomenon is analysed in order to derive a relation 
between the reduction of the magnitude of oscillation and air rate. Syngas with a relatively 
low ratio of H2:CO demands a less air rate to eliminate the instability. On the other hand, 
diluting CH4 to syngas composition significantly increases this demand, and the opposite 
result is observed when syngas is mixed with CO2 and N2.  
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Chapter 1 Introduction 
Expansion of the global economy, which was assessed by the International Monetary Fund 
(IMF) as 3.7 % in 2017-2018 and predicted to be 3.5 % in 2018-2019, escalates the total 
global energy demand significantly [4]. According to the report of the International Energy 
Agency (IEA) [5], global energy consumption increased from 11,853 to 14,301 Mtoe 
between 2009 and 2018, as presented in Figure 1-1. This uptrend is expected to continue in 
the coming years according to the growth rate calculated each year. It is also noticed by the 
report of IEA that the energy demand during 2017-2018 was almost twice compared to the 
demand during 2009-2010. 
 
Figure 1-1 Global energy consumption and total CO2 emission per year [5] 
The demand for energy has been met by various sources (e.g. coal, oil, gas, nuclear, and 
renewable energy) at different portion, as shown in Figure 1-2 [5]. The percentage of 
contribution of energy source in 2010 is compared with one in 2018 in this figure. As seen, 
the primary global energy source is oil, followed by coal and natural gas. The contribution 
percentage of these sources is various in different years. However, it was evident that 
conventional fossil fuel is still a primary global energy source of the world. The total 
percentage of contribution of oil, coal and natural gas is approximately 80% of the global 
energy demand. Though the demand for oil reduced slightly from 36% in 2010 to 31% in 
2018, the contribution of coal and natural gas rises by 3% and 2%, respectively. The report 
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of IEA [5] additionally pointed to the role of fossil fuel, which will remain the major energy 
source in the near future. 
In contrast, fossil fuel is non-renewable, and the extensive use of this fuel causes concern in 
the sustainability of the global energy resource. According to the prediction based on the 
reserves-to-product (R/P) ratio of British Petroleum (BP) [6], the reserve amount of these 
fossil fuels show the sign of limitation which has the opposite trend compared to the global 
energy demand discussed above. It is expected that the reserve amount of oil, natural gas, 
and coal is capable of supporting the demand for approximately 51, 53, and 114 years, 
respectively.    
2010 
 
2018 
 
Figure 1-2 Energy demand by sources in 2010 and 2018 [5] 
Furthermore, the scarcity is not only a concern for the utilisation of fossil fuel. Pollution and 
climate change are also other major global issues. The primary energy extraction process of 
fossil fuel is combustion which an inevitable side effect is pollutants such as soot, sulphur 
oxides (SOx), nitrogen oxides (NOx), unburned hydrocarbons (UHC), carbon dioxide (CO2) 
and carbon monoxide (CO) [7]. The production rate and species of pollutant depend strongly 
on the type of fuel supplied into combustion. For instance, coal is the primary source of SOx, 
while, generally, carbon fuel is the major source of CO2. Research attention, therefore, has 
been paid on the reduction of CO2 emission as it is an important heat-trapping (greenhouse) 
gas that plays a significant role in the climate change or global warming [8]. The emission 
of CO2 has increased significantly in the last decade, as shown in Figure 1-1. This uptrend 
is in the same direction as the global energy consumption. Therefore, the fossil fuel (coal, 
oil and natural gas) has a massive contribution to the global CO2 emission. 
Chapter 1 - Introduction 
 
3 
 
According to the analysis of the cause and impact of climate change, the phenomenon creates 
the never ended cycle that significantly raises the energy demand as well as the CO2 
emission. The change in the pattern of climate around the globe increases the utilisation of 
heating and cooling systems which provide human comfort [5]. A larger energy generation 
capacity is required to support this increasing demand. A higher emission rate of CO2 is 
released from the energy generation process, especially one that relates to the combustion 
reaction. The situation in climate change is hence more severe, as reported in the data of IEA 
[5]. This report also expressed that the energy generation from coal combustion is the main 
cause of an increase in global temperature. It is responsible for over 0.3°C of the 1°C of 
global temperature escalation. 
There are two significant challenges projected which are (i) finding of alternative and 
sustainable energy sources, and (ii) finding the method of reducing the pollution. An attempt 
to address these issues could be seen from the research and development of various 
renewable energy sources which produce less pollution and more sustainable. Typically, 
renewable energy is defined as an energy source apart from fossil fuel such as wind, solar, 
hydro, marine, geothermal energy and biomass or bioenergy. An overview of renewable 
energy sources is presented in Figure 1-3 [9]. The contribution of renewable energy to the 
total global energy demand rises slightly from 13 % in 2010 to 15 % in 2018, as presented 
in Figure 1-2. Majority of the renewable energy sources are used for generating the 
electricity [9]. The report of the international energy agency (IEA) reveals the growth rate 
in electricity generation for each type of renewable energy. The promising growth rate was 
found from solar photovoltaic, wind, and biomass, which respectively generated 31.2 %, 
12.2 % and 7.4 % higher in 2018 than their production capability in 2017 [5].  
 
Figure 1-3 Overview of renewable energy sources [9] 
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However, it could be seen that the growth rate of the contribution of renewable energy is 
still insufficient to drive itself to be the primary global energy source. Geographical 
limitation and high upfront cost are major barriers for most types of renewable energy [9]. 
Different areas have different geography and natural resources (e.g. wind, solar, and tidal), 
and this causes constraint in the selection and utilisation of renewable energy. Further, 
natural resources are unpredictable; hence, the intermittency in energy production is another 
issue. Combining these drawbacks with the high upfront cost for the equipment and the 
energy storage system, the use of renewable energy might not be economically efficient and 
suitable for every part of the globe. 
Unlike the other sources of renewable energy, the energy extraction from biomass does not 
have the geographical limitation and intermittency issue in the operation [9]. Combustion of 
biomass was the oldest and the first on-demand method of energy extraction with the purpose 
to make fire, cook, and produce heat. At present, this method stills the primary energy source 
in a variety of application for the production of heat and power. Biomass was the global 
primary energy source before the era of fossil fuel began in the mid-1800s and played a 
significant role in the reduction of oil consumption during the first oil crisis in 1970s. The 
resource of biomass is abundant and inexpensive. Additionally, organic and municipal solid 
wastes are also considered as an energy resource since the same method used for converting 
biomass to energy is also capable of transforming these wastes into energy [10]. The global 
waste is expected to rise from 2 billion tons in 2016 to 3.4 billion tons by 2050, according 
to the report of the World Bank [11]. Therefore, utilising biomass as an energy resource 
addresses not only the demand for energy but also the global waste issue. These benefits 
attract several researchers to develop energy conversion technology for biomass and waste. 
On the other hand, the utilisation of biomass has two major drawbacks, which are air 
pollution and cost-effectiveness. Burning biomass produces air pollutants similar to those 
from fossil fuels. Koppmann et al. [12], Reid et al. [13], and Reid et al. [14] reviewed the 
emission and from biomass combustion. In China and the USA, the contribution of biomass 
burning is ~11.2-13% on the atmospheric particulate matter that has a diameter of fewer than 
2.5 micrometres (PM 2.5) [15], [16]. The lower energy density of biomass fuels is another 
issue. This information refers to the larger storage and higher cost of transportation. It also 
potentially demands the intensive use of inputs (e.g. land, water, and crops) which have an 
opportunity cost. As a result, the price paid per unit of electricity generated could be higher 
than the other fuel types [17]. 
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The technology has researched and developed for addressing the mentioned drawbacks. The 
biomass is converted to the clean energy fuel before combustion rather than directly burnt. 
Various methods are introduced for transforming the biomass to different end products as 
presented in Figure 1-4 [9], [10], [18]. The processes are pyrolysis, gasification and 
anaerobic digestion. These technologies are also compatible with the conversion from 
organic waste to energy. Each process provides different end products, e.g. fuel gases, hot-
gas, and syngas/producer gas. Various applications (e.g. furnace, and internal combustion) 
could be used for extracting the energy from these end products which is in liquid or gas 
phase. The end products, which is also called ‘biofuel’, are allowed the transportation and 
storage in the better form than the original biomass. The development causes the biofuels an 
on-demand fuel that has the potential to play a significant role in the future energy scenarios 
[19].    
 
Figure 1-4 Biomass conversion process [9] 
Syngas is one of the interesting options among the various biofuel end products. It is the fuel 
gas consisting of hydrogen (H2), carbon monoxide (CO), methane (CH4), carbon dioxide 
(CO2), vapour (H2O) and nitrogen (N2) as primary species. The advantages of syngas are the 
flexibility in the production process and feedstocks. Gasification and pyrolysis are the main 
methods used for converting biomass to syngas [20]. Briefly, gasification is the 
thermochemical process that transforms various types of biomass feedstock in a low-level 
oxygen environment. The product of this process is syngas with various H2:CO ratio. On the 
other hand, pyrolysis of biomass feedstocks undergoes thermal degradation under the 
oxygen-free environment [21].  
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As it is in the gas phase, syngas could be supplied to the combustion application (e.g. internal 
combustion engine, and furnace) similarly to the conventional gas fuel. However, the fuel 
composition of syngas contains not only single combustible species like conventional fuel. 
Based on Molino et al.[1], the syngas product from practical gasification and pyrolysis plants 
consist of H2, CO, CH4, CO2 and N2 as a primary component and H2O, H2S, NH3, tar, and 
other traces species as a secondary component. The diversity in fuel composition of syngas 
causes the complex chemical reaction during the combustion [21], [22]. The higher number 
of species in fuel composition refers to the higher number of related chemical reactions. 
Also, the reaction pathways of each species in fuel composition could be different due to 
their various concentration percentages. The combustion characteristics and performance are 
hence strongly affected by the variety in fuel composition [23].  
 
Figure 1-5 Number of biomass gasification plant by function [24] 
An attempt to use syngas in the large scale for producing thermal power and electricity could 
be seen from the database of the International Energy Agency (IEA) Bioenergy Task 33E 
[24]. There are 141 biomass gasification plants, and 106 of them are used for power 
production which is capable of generating ~356 MW of electricity and ~185 MW of thermal 
power. The other plants produce liquid fuel (24 plants), gases fuel (7 plants), and chemical 
product (8 plants). The ratio of them is expressed through a pie chart in Figure 1-5. The 
analysis shows that the number of plants opened per year is high between 1985 and 2009, 
with the maximum number per year as 12 plants [24]. After that period, the number of plants 
opened per year is lower. The barriers preventing the selection of gasifier and pyrolysis as a 
power generation plant could be divided into economic and technical aspects. The capital 
106
24
8 7
Power Liquid fuels Chemicals Gaseous fuels
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cost of the plant rose due to the recent termination of public funds, which were subsidised 
by the government for renewable energy production [1]. The complex combustion of syngas 
further leads to the complex operation of gasifier and pyrolysis plants [18]. Hence, the 
technology requires research and development to be mature and simple enough to attract a 
more substantial number of users. 
As stated above, the development in syngas technology could be divided into two parts, 
which are the production process and the energy extraction of syngas. Both aspects require 
the microscopic understanding of the impact of each species in fuel composition on the 
combustion and flame characteristics. In detail, the essential topics which are beneficial for 
the development include flame temperature, dimension, heat generation, emission also the 
flame instability. This information points to the desirable and undesirable species. The 
desirable one is the species that encourages heat generation capability and produce a lower 
rate of pollution. Also, it provides with the guideline for improving the production technique 
of syngas and selecting the feedstocks which are capable of producing a higher concentration 
of a desirable species. On the other hand, the information is beneficial for the design of 
combustion application such as the size, geometry, and material of the combustion chamber 
and the fuel injector. Furthermore, it could be used for improving the operating condition; 
for instance, the effective combustion could be achieved by adjusting the proper fuel and 
oxidiser flow rate.  
Consequently, this thesis focused on the impact of the diversity in syngas composition on 
combustion and flame characteristics. Computational fluid dynamics (CFD) is a selected 
method for simulating and studying the flame of syngas. This method takes into account the 
complex chemical reaction during the combustion of syngas. The capability of CFD in 
projecting the flow field as well as the flame appearance allows the analysis of syngas 
combustion and flame on the topics of the study mentioned previously in details.   
1.1 Computational Fluid Dynamics (CFD) 
Computational fluid dynamics (CFD) is the method of solving fluid dynamics and heat 
transfer complex problems. For combustion modelling, CFD predicts the reacting flow field 
by computing the numerical solution to the set of partial differential equations which govern 
the conservation of mass, momentum, and energy. The characteristics of the reacting flow 
are typically explained by the interaction of transport and chemical kinetics. The chemical 
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reactions describing the reaction pathway of species in fuel composition is required as well 
as the energy accounting for each exothermic and endothermic reactions. Also, each species 
has some finite characteristics times for their relevant reactions. The chemical kinetics is 
needed for defining the rate which the chemical reactions take place. As a result, the set of 
equations is highly coupled and non-linear. Finding the solution for the problem domain 
requires the discretisation process where the governing equations are transformed into a 
simpler algebraic form which could be numerically solved.  The finite volume method plays 
a vital role in the discretisation of these equations that consequently provides the solution 
for the problem domain. 
The combustion and flame modelling of syngas can be processed through CFD. The 
chemical kinetics mechanism prescribing the reaction pathway of each species in syngas 
composition is required for computing the reacting flow of this fuel. The flame of various 
types of burner and combustion chamber could be modelled based on their practical 
geometry and dimension. The sufficient level of mesh density and optimum time-step are 
necessary in order to obtain the converged solution from the simulation. The validation of 
the newly generated model is another important process. The generated CFD model should 
be able to initially formulate a similar result compared to the experiment result before using 
in a parametric study.   
1.2 Purpose of the work  
The objective of this thesis is the microscopic understanding of the impact of the diversity 
in fuel composition of syngas on the combustion and flame characteristics. The study focuses 
on the primary component in syngas composition, e.g. H2, CO, CH4, CO2, and N2. The 
investigation is processed under the following key objectives addressing.     
1. Impact of the content of H2 on flame characteristics 
2. Analysis of heat generation and emission of various syngas composition 
3. An occurrence and disappearance of the flame oscillation, and the side effect of this 
phenomenon     
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1.3 The importance of the research study 
To encourage the utilisation of syngas, the development of the production process and the 
design of the combustion application are two major challenges. The detailed understanding 
of the role of each species on combustion and flame characteristics is necessary for 
addressing these challenges. The research works in this thesis will greatly provide the 
information in this area. This would potentially encourage the use of syngas and biomass, 
which are renewable and more sustainable than conventional fossil fuel.  
1.4 Thesis outline   
The structure of the thesis is presented below. 
In Chapter 2, an overview of syngas composition and its variation as well as the research 
regarding the combustion characteristics of syngas are revised. The knowledge gap and the 
area of study requiring further research and development are pointed out. 
In Chapter 3, the methodology of this thesis is presented. This includes the governing 
equation, the methods selected for defining the property of all components relating to the 
simulation of the reacting flow of syngas, and the solution procedure.  
In Chapter 4, the role of species H2, which is the primary species in syngas composition and 
also has a higher diffusive property than other species in syngas composition, is examined. 
The study specifically examines the impact of H2 content (̇ݒுమ) defined as the volume flow 
rate of this species in the fuel stream. The aspects of flame characteristics considered in this 
study are the flame behaviour, flame characteristics, heat generation, and emission formation 
rate of NOx. Also, the impact of the methods used for controlling the content of H2 is 
examined. This includes an increase or decrease of velocity of fuel stream, and concentration 
percentage of H2 (ܺுమ) in fuel composition. As the study focuses only on species H2, the fuel 
composition selected is the mixture of H2 and N2 at various ratio and 100% H2. The CFD 
model is formulated based on the burner configuration of Toro et al. [2]. The validation 
process of this model is presented at an early stage of this chapter. 
In Chapter 5, the stable flames of CH4, H2, and syngas having the variation in fuel 
composition are formulated by a modified CFD model created in Chapter 4. The dimension 
of the domain is extended to support the flame dimension of the studied fuel composition. 
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Comparing the simulation result obtained from flames formulated by different fuel 
compositions projects the impact of syngas primary component, e.g. H2, CO, CH4, CO2, and 
N2. The study investigates the role of these species individually on the generation and 
transfer of heat. The emission formation is also affected by the fuel composition. The 
analysis of this topic is carried out by perceiving that it is a price to pay for a certain amount 
of generated heat. 
In Chapter 6, another CFD model based on the study of Darabkhani et al. [3] is generated to 
study the oscillating movement of syngas flame. The focus of the study here is the impact of 
syngas composition on the occurrence of flame oscillation (e.g. flickering and tip-cutting 
flames). A Kelvin-Helmholtz (K-H) type of instability is the main causes of this 
phenomenon. This type of instability is encouraged by an improper ratio between fuel and 
air rate supplied into combustion, and buoyancy force due to the gravity. An occurrence of 
flickering and tip-cutting flame would be affected directly by the diversity of syngas 
composition. This impact is studied by creating the K-H instability in syngas flame; for 
instance, increasing the fuel rate without enough support in air rate. The stable flame hence 
transforms into the unstable oscillating flame. The phenomenon occurred in the flames of 
different syngas compositions is observed. Then, the result is compared to project the impact 
of each species. The side effects of the flame oscillation, which are the fluctuation in heat 
generation and temperature of the flame, are also examined. 
In Chapter 7, the CFD model and fuel composition of Chapter 6 are utilised; however, the 
topic of interest is altered to the disappearance of flame oscillation. Increasing the air rate 
reduces the impact of K-H instability. Thus, the magnitude of oscillation reduces, and the 
flame oscillation disappears once the flow rate of oxidiser is sufficient. The diversity in fuel 
composition affects this phenomenon, and this research topic is studied as well as the 
reduction of the fluctuation of heat generation of the flame. 
In Chapter 8, the finding obtained from the study in the previous chapter is concluded. The 
recommendations based on the conclusion is given for future work. 
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Chapter 2 Literature review 
An overview of the research works relating to the combustion and flame of syngas is 
presented in this chapter. The description of syngas and its varying composition is firstly 
presented, followed by the combustion application and the obstacles preventing the 
utilisation of syngas. Then, the recent studies relating to the impact of syngas composition 
on the combustion and flame characteristics are reviewed. The result of this process is the 
recent knowledge as well as the gap which demands further study to fulfil. The following 
sections are the related theory and the area of study and methods. Lastly, the discussion and 
conclusion are provided. 
2.1 Syngas and its varying compositions 
Syngas or producer gas defined as the fuel gas containing hydrogen (H2) and carbon 
monoxide (CO) as the primary species is one of the promising options amid various types of 
alternative and renewable energy [25]. The strong point of this fuel is the flexibility in the 
production process and feedstock. Nevertheless, this advantage significantly affects the 
diversity in the fuel composition of product syngas/producer gas. Gasification and pyrolysis 
are two major production processes of syngas. The feedstocks of these processes are solid 
fuel, e.g. coal or biomass. The process which is incomplete combustion produces the mixture 
with approximately 40% combustible gases containing hydrogen (H2), carbon monoxide 
(CO), and methane (CH4). The remainder of the process is the non-combustible gases such 
as nitrogen (N2), carbon dioxide (CO2), water vapour (H2O), ammonia (NH3), Hydrogen 
sulphide (H2S), tar, and other traces species. The species H2, CO, CH4, CO2, and N2 are the 
primary component of syngas/producer gas due to their concentration percentage. The 
property of syngas/producer gas is hence dominated by the concentration of these species 
[1].  
The composition of syngas/producer gas produced from different gasification techniques 
(downdraft fixed-bed gasifier, fluidised bed gasifier, and two-stage gasifier) and feedstocks 
obtained from various sources are compared, as shown in Table 2-1. Analysing this 
information reveals the factors affecting the syngas composition which are feedstock, 
particle size, gas and feedstock supply rate, chemical reactor configurations, operating 
conditions, gasifying agent and catalyst, and gas residence time. According to the 
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concentration percentage of combustible species, H2 (10.7-43.6%) and CO (6.32-33.2%) are 
the major fuel species in syngas, whereas CH4 (2.7-13.4%) is the minor fuel species. The 
concentration ratio of H2:CO ranges between 0.67 and 3. The non-combustible species could 
be the majority of syngas composition as seen from the total concentration of CO2 and N2. 
The range of percentage of N2 is 2.3-56.87% while one of CO2 is 5.15-32.35%. On the other 
hand, the analysis shows that the concentration percentage of combustible species could be 
higher if the proper production techniques and feedstocks are used. For instance, two stages 
gasifier (TSG) with air as an agent should be used for producing syngas from mixed plastic 
waste in the case that CH4 is preferable.      
Table 2-1 Composition of syngas from various types of biomass 
Flame 
Gasifier 
type/agent 
H2 
(%) 
CO 
(%) 
CH4 
(%) 
CO2 
(%) 
N2 
(%) 
Heating value 
(MJ/Nm3) 
Mixed plastic wastes [26] TSG/Air 14.65 6.32 13.74 5.15 53.09 11.84 
Corn straw [27] DDG/ Air 10.7 16.2 2.7 18.1 54 4.3 
Olive kernels [28] FBG/ Air 23.98 14.26 3.75 19.42 38.59 6.54 
Waste cooking oil [29] FBG/ Air 14.75 17.58 3.55 8.65 53.95 5.9 
Hazelnut shells [30] DDG/ Air 13.51 14.62 1.95 12.38 56.87 4.32 
Oil palm trunk [31] DDG/Steam, O2 35.52 26.82 7.85 23.24 4.72 10.04 
Oil palm trunk [31] DDG/Steam, air 19.53 13.99 3.5 18.36 43.3 5.13 
Cotton stalk pellets [32] TSG/O2 36 38 2.8 21 2.3 9.62 
Crushed almond shells [33] FBG/Steam 43.6 33.2 11.5 11.7 - 13.02 
Almond shells [34] FBG/ Steam, O2 33 32 11 27 5 11.7 
Sewage sludge [35] TSG/ Steam, O2 28.02 19.3 8.5 32.35 6.66 11.71 
Bamboo* Air 19.7 21.0 - 11.9 45.9 5.22 
Rubberwood* Air 17.6 20.4 1.4 10.8 49.8 4.80 
Wood pellets* Air 21.7 20.8 2.2 12.6 42.7 5.79 
Rice husk* Air 19.8 22.6 2.0 13.1 42.5 5.57 
*The fuel compositions of producer gas of bamboo, rubberwood, wood pellets, and rice husk are researched 
by [25], [36]–[39].   
DDG = Downdraft fixed-bed gasifier. 
FBG = Fluidized bed gasifier. 
TSG = Two-stage gasifier 
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2.2 Compatible applications and the development challenges 
The combustion applications, which could be fuelled by syngas/producer gas, are revised to 
project the progression and barrier in the utilisation of syngas as a primary fuel. Since 
syngas/producer gas is in the gas phase, it is expected to replace the role of natural gas in 
various combustion applications. The post-production process, e.g. cleaning and cooling, is 
recommended before supplying the product syngas to the combustion application. The 
cleaning process removes fine dust and particles, and tar while the cooling one raises the 
energy density of syngas. The details regarding the post-production process were reviewed 
in [7], [40]. It is noticed that the energy density of syngas/producer gas is significantly lower 
than that of natural gas. This could be explained by the high concentration percentage of 
non-combustible species in fuel composition, as discussed above [41].  
Several pieces of research investigate the impact of utilising syngas in an internal 
combustion engine; both spark ignition (SI), and compression ignition (CI). Various aspects 
are focused such as engine’s brake power, power de-rating, torque, efficiency, emissions, 
exhaust temperature and knock tendency [42]–[46]. The study of them also taken into 
account the impact of air/fuel, equivalence, and compression ratios. In the SI engine, the 
ignition timing is only part that is required an adjustment to be compatible with fuel property 
of syngas. The proper setup allows the engine to operate with syngas as a primary fuel. The 
result suggests that syngas is more suitable for the low-speed engine (1500-2500 rpm). On 
the other hand, fuelling CI engine with syngas demands the installation of several additional 
parts such as gas mixer, non-return valve, pressure regulator and gas carburettor. Moreover, 
the engine cannot be operated by combusting syngas/producer gas solely. A dual-fuel mode 
where syngas is the primary fuel and diesel is a secondary fuel is necessary. The reason is 
lower auto-ignition temperature of syngas than the temperature at the end of the compression 
stroke. The power de-rating of the engine fuelled with syngas is inevitable since 
syngas/producer gas has a lower energy density than the conventional gas fuel. SI engine 
has a higher power de-rating (40-50%) than CI engine (15-30%) even though the SI engine 
has less part to be modified [41]. 
The operation of a gas turbine (GT) engine requires the large exhaust gas flows to deliver 
the full power generation capacity and maintain combustion stability. The high-quality fuel 
is hence not necessary for the GT engine as long as the condition stated above is satisfied 
[47], [48]. Syngas/producer gas could be injected into the combustion chamber in either 
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single or dual mode. The high flow rate of exhaust gas, the stable combustion, and low 
combustion temperature are obtained from the utilisation of syngas/producer gas in GT 
engine, as reported in [49], [50]. Nonetheless, both injection mode (dual and single) cannot 
eliminate the power derating issue [51], [52]. As a result, Delattin et al. [53] suggested the 
redesign or the development of the GT engine combustion chamber, specifically for 
syngas/producer gas. The combustion condition should be designed to support the auto-
ignition and flammability property of syngas/producer gas since the property of syngas is 
different from the conventional gas fuel. The proper configuration would consequently 
enhance the performance of syngas combustion. However, the concern is raised for the 
impact of diversity in the fuel composition of syngas, which could be a significant obstacle 
in the development [51].        
Furnace and external combustion chamber, e.g. externally fired gas turbine [54], organic 
Rankine cycle (ORC) [55] are alternative options for the utilisation of syngas/producer gas. 
In this application, the consumption of syngas/producer gas is a major concern. The 
significantly lower energy density of syngas leads to a higher fuel consumption comparing 
to natural gas. To produce the same amount of thermal power, the volume of syngas supplied 
into the combustion could be seven times more than the consumption of natural gas [41]. 
However, the lower energy density of syngas has a benefit in terms of emission formation. 
The low-intensity thermal field causes a lower flame temperature and thermal NOx formation 
rate. Also, the syngas composition contains the lower concentration of carbon and 
hydrocarbon fuel species (e.g. CO and CH4) than the conventional fuel. Thus, the lower 
emission of carbon dioxide is another advantage.   
As mentioned above, several issues are observed from an attempt to replace conventional 
gas fuel with syngas. Research and development are required for addressing these challenges 
and encouraging the use of syngas. The study is required in two main areas. The first one is 
the configuration of the combustion system, which needs the modification or redesign to 
support fuel and combustion property of syngas. The other area is the production and post-
production process where the improvement of the fuel quality is the target.  
According to the complex composition of syngas, analysing the property and performance 
of this gas fuel based only on the energy density might not be sufficient. The development 
in combustion system and production process requires the microscopic understanding of the 
impact of the diversity in syngas composition on combustion and flame characteristics. By 
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this information, the combustion and flame property of syngas can be predicted. The proper 
design of the combustion system for syngas is, hence, achievable. Also, the information is a 
guideline for improving the production process to provide a higher concentration of desirable 
species and a lower concentration of an undesirable species. 
2.3 Diffusion flames of syngas 
The gas turbine and external combustion chamber are an interesting option for extracting the 
energy from syngas since the high energy density fuel is not necessary. The combustion 
process in these applications frequently relates to the formulation of diffusion flame where 
the fuel and oxidiser are supplied to the combustion separately. The key literature and useful 
information benefiting the study of this flame type are presented as follows: 
 Property of combustible species 
Table 2-2 The properties of hydrogen, carbon monoxide and methane at 300 K [7], [56] 
Fuel Properties H2 CO CH4 
Fuel LHV (MJ/Nm-3) 10.8 12.7 35.8 
Air-Fuel Ratio 2.38 2.38 9.52 
Flammability Limit φ 
(Lean/Rich) 
0.01/74.2 0.34/6.8 0.54/1.69 
Flame Speed at 
Stoichiometric 
combustion (cm-s-1) 
270 45 35 
Adiabatic flame 
temperature (K) 
2378 2384 2223 
Density (kg/m3) 0.0824 1.123 0.656 
Dynamic viscosity (Pa-s) 0.89E-6 2.9E-5 1.88E-5 
Thermal conductivity 
(W-m-1K-1) 
0.191 0.023 0.030 
Diffusion coefficient of 
gases in excess of air 
(cm2-s-1) 
0.756 0.208 0.21 
Specific heat (kJ-kg-1K-1) 14.31 1.040 2.226 
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Understanding the combustion property of combustible species H2, CO, and CH4 would be 
the first significant step. The property of these species was gathered by Pradhan et al. [7], as 
presented in Table 2-2. This information is a guideline for the analysis of syngas combustion 
and flame behaviour. CH4 has the highest energy density as 35.8 MJ/Nm3 of a lower heating 
value (LHV) followed by CO (12.7 MJ/Nm3) and H2 (10.8 MJ/Nm3). The air-fuel ratio at 
the stoichiometric combustion condition is 2.38 for both H2 and CO, which is lower than 
that of CH4 (9.52). The flammability limit is the region of fuel-air ratio, where the flame is 
possible to propagate. This limit is affected by the direction of propagation, size and shape 
of the combustion chamber, temperature, pressure, and fuel property [57]. As a result, there 
are two types of the flammability limit, which are (i) lower flammability limit (LFL) and 
upper flammability limit (UFL). The value of LFL is the leanest fuel-limit while UFL is the 
richest fuel limit where the flame could propagate [58]–[60]. H2 has the widest range 
between LFL and UFL (lowest LFL and highest UFL) as 0.01/74.2 followed by CO 
(0.34/6.80) and CH4 (0.54/1.69). The flame speed is the rate that the flame propagates 
through unburned fuel-oxidant mixtures under laminar flow condition in the perpendicular 
direction to the expansion wave surfaces. The value of this parameter of H2 (270 cm-s-1) is 
the fastest one and is significantly higher than CO (45 cm-s-1) and CH4 (35 cm-s-1), 
respectively. Lastly, the adiabatic flame temperature of CO (2384 K) is higher than H2 (2378 
K) and CH4 (2223 K) [7].  
The property of fluid such as density, viscosity, thermal conductivity, and diffusivity are 
obtained from Moran [61], presented in Table 2-2. H2, CO and CH4 have a lower density 
than air; thus, the buoyancy force due to the gravity affects the flow of these species at low 
velocity. The species H2 has lower dynamic viscosity and thermal conductivity but more 
than two times higher in diffusivity than CO and CH4. These properties affect the flow, 
chemical reaction, and energy generated directly. Also, H2 has a significantly higher specific 
heat (more than 13 times than CO and 6 times than CH4). This property affects the demand 
for heat to increase the temperature. Syngas which is the mixture of these combustible 
species (H2, CO and CH4) would have various fluid property depending on the concentration 
ratio between them. Nonetheless, the fluid property of non-combustible species e.g. CO2 and 
N2 are also significant since their concentration, in some case, dominates syngas 
composition, as presented in Table 2-1.         
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 Combustion property of syngas/producer gas 
 
Figure 2-1 (a) Adiabatic flame temperature and (b) laminar burning velocity of H2/CO/CH4 flame at the 
stochiometric condition as a function of CO and H2 condition [62] 
The difference in property is observed from the comparison between H2, CO, and CH4. The 
property of syngas/producer gas, which is the mixture of these species, depends directly on 
the concentration of these species in fuel composition. The non-combustible species (CO2 
and N2) in syngas composition would also play a significant role in the reduction of the 
combustion property of syngas. This could be seen from the lower heating value (LHV) of 
syngas from various sources presented in Table 2-1, which is between 5.9 and 13.02 MJ/Nm-
3. The value of LHV is proportional to the concentration of H2, CO, CH4, CO2 and N2 in fuel 
composition. The other aspects of combustion property are also affected by the fuel 
composition of syngas/producer gas. The study of [7], [63] showed that the higher 
concentration of non-combustible species has an impact on the narrower range of 
flammability limit or less difference between UFL and LFL. In addition, the study of [62], 
[64]–[67] revealed the impact of the ratio between the combustible species on an increase of 
laminar flame speed and the adiabatic flame temperature which are two significant 
parameters of the combustion property, as shown in Figure 2-1. In addition, H2, CO and CH4 
affect the adiabatic flame temperature at a different level. The stronger impact was found 
from the higher concentration of either CO or H2 in syngas composition. The laminar burning 
velocity escalates at the higher concentration of H2, whereas the opposite direction is 
obtained when the concentration of CO and CH4 is higher; the impact of CO is stronger than 
CH4 on this aspect. 
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 Impacts of fuel composition on diffusion flame   
The formation of diffusion flame relies on the burning rate, which is the result of diffusive 
mixing of fuel and oxidiser stream brought together in proper proportions for the reaction 
[68]. The high-temperature region is hence at the position where the fuel and oxidiser 
streams are encountered. The surface of the flame called ‘flame-front’ or ‘stochiometric 
contour’ is the boundary created by the number of positions on the high-temperature region 
where the stoichiometric combustion is achieved. The flame-front represents the appearance 
of the flame (shape and dimension). Thus, the appearance and dynamics of the flame rely 
strongly on the flow of fuel and oxidiser stream and their combustion reaction [69]. On the 
other hand, the temperature at each position of the flame relies on the heat from an 
exothermic chemical reaction, and fluid property (e.g. diffusivity, conductivity, and specific 
heat) according to the energy transport equation which will be presented in detail in the next 
chapter. The flow rate and composition of fuel and oxidizer injected into combustion are 
hence significant.  
 
(a) 
 
(b) 
Figure 2-2 the appearance of the burner of diffusion flame (a) Counter-flow burner [70], and (b) Co-flow 
burner [71] 
Two types of burner configuration frequently selected in the study of diffusion flame are the 
counter-flow and co-flow burner. The former one refers to the burner which the fuel and 
oxidiser streams are injected to the combustion in the opposite direction, as shown in Figure 
2-2a. The details and principal of the counter-flow diffusion flame were presented in Ref 
[72], [73]. This burner type is suitable for a fundamental study of laminar diffusion flame 
characteristics such as (i) the kinetic and characteristics of the high temperature flame, (ii) 
the reaction rates for the combination of fuel and oxidiser, (iii) dilution limits of diffusion 
flames, and (iv) the properties of a flame in an electric field [73], [74]. On the other hand, 
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the fuel and oxidiser are injected in parallel in the same direction to the combustion for the 
co-flow burner, as shown in Figure 2-2b. The typical configuration consists of the axis fuel 
injector that is surrounded by the oxidiser injector. The combustion could be triggered by 
the external ignitor or the heat of fuel or oxidiser stream. In some cases, the pilot injector is 
installed to provide a high-temperature stream of fuel or air [75] for the ignition. The co-
flow burner is the conventional configuration which could be found in several practical 
combustion systems. The flow regime of air and fuel injected to the combustion can be 
laminar or turbulent. The benefit of utilising this burner in the study is the projection of flame 
shape, dimension, and structure. 
The recent experimental and numerical results obtained from both co-flow and counter-flow 
burners are analysed for the impact of each species in syngas composition on combustion 
property and diffusion flame characteristics. The concentration of two major combustible 
species (H2 and CO) plays a significant role in an increase in flame temperature or flame 
maximum temperature. The result obtained from the counter-flow burner shows that the 
effect of H2 is stronger than CO on this aspect [74], [76], [77]. The effect of H2 and CO on 
the temperature of laminar and turbulent co-flow flames are different. The impact of H2 and 
CO are comparable and H2:CO ratio has a minor impact on the flame temperature of 
turbulent diffusion co-flow flame [78]. The effect of H2 is stronger than CO on an escalation 
of laminar diffusion flame temperature, and this result is in the same direction as the counter-
flow flame [79]. The impact of H2 and CO on the diffusion flame temperature of 
syngas/producer gas is not in the same direction as their impact on adiabatic flame 
temperature, where CO is expected to be slightly stronger than H2. 
CH4 has a lower adiabatic flame temperature than the other two combustible species. Thus, 
the addition of CH4 to fuel composition unsurprisingly results in the lower diffusion flame 
temperature [80]. Diluting syngas/producer gas with the non-combustible species (CO2, N2, 
and H2O) reduces the concentration of combustible species, which consequently leads to the 
lower flame temperature [74], [80], [81]. The interesting finding is noticed as the level of 
impact of H2O, CO2, and N2 are different. The strongest level among the non-combustible 
species is found from H2O followed by CO2, and N2. These different levels of impact 
emphasise the effect of non-combustible species on the combustion and flame of 
syngas/producer gas, which could not be neglected. The results of Ref [74], [80], [81] were 
in the same direction, although the different burner configurations are utilised.      
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The utilisation of co-flow burner configuration allows the projection of the diffusion flame 
dimension. In laminar co-flow flame, increasing concentration of H2 while reducing the 
concentration of N2 in syngas composition results in the longer and wider flame dimension 
[79]. The impact of CH4, CO2, and N2 on flame length are in the same direction as a higher 
dilution ratio of these species in syngas composition causes the longer flame. CH4 plays a 
stronger role than CO2 and N2 in this case, and it also causes the wider flame at the higher 
dilution ratio [80]. Conversely, the narrower flame is observed from the addition of CO2 and 
N2. The flame dimension is found to be shorter when the concentration percentage of H2O 
replaces N2 in syngas composition. The opposite direction is obtained when the same action 
is processed with CO2 rather than H2O [81]. For turbulent co-flow flame, the higher H2:CO 
ratio leads to the thicker flame [82]. At the same Reynolds number of fuel stream (ܴ௘௙), the 
flame of the same syngas composition is longer when the diameter of the fuel injector is 
larger [23].   
The study of emission formation from syngas combustion typically focuses on the 
production rate of Nitric oxide (NO). Both types of burner configuration could be used for 
studying this topic. The results obtained from Ref [80], [83], [84] were in the same direction 
even though different types of the burner and flow regime of fuel stream were used in their 
works. A higher concentration of H2 in fuel composition increases the flame temperature 
and encourage the thermal NO formation. Diluting CH4 into syngas composition promotes 
NO emission rate while adding either CO2, H2O or N2 to syngas composition decreases the 
production rate of NO since the flame temperature reduces. Additionally, the addition of 
H2O to syngas composition is more effective for the reduction of NO formation than the 
other non-combustible species since the impact of H2O on the reduction of flame temperature 
is stronger than the other diluted species.    
Instability of syngas diffusion flame is another area that has been investigated in several 
research papers. The flammability and extinction limit were studied by [77], [85] with the 
counter-flow burner. Fuel composition, strain rate, and operation condition play a vital role 
in these aspects. The analysis of flammability and extinction limit might need to be processed 
case by case according to the role of these factors. Regarding the co-flow burner 
configuration, the lift-off and blowout phenomena of syngas diffusion flame were examined 
in Ref [86]. It is found that the phenomena occur when a sufficient concentration percentage 
of N2 is diluted into syngas composition. This critical concentration of N2 is specific for each 
H2:CO concentration ratio. Nonetheless, the impact of H2:CO on these phenomena is 
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insignificant when the concentration percentage of H2 is higher than 30%. The effect of 
diluting H2O, CO2, and N2 on syngas flame stability was studied by Mu et al. [87]. The flame 
of syngas mixed with H2O is more stable than one added with N2 and CO2, respectively. 
2.4 Knowledge gap 
The literature survey provides the challenges in the development of syngas combustion 
system and production process as well as the recent understanding of syngas combustion and 
flame. The impact of species in syngas composition is studied extensively in several works. 
Nevertheless, there is still a knowledge gap identified in various aspects as follow: 
The first one is the impact of H2 content on syngas diffusion flame characteristics. The H2 
content, in this term, refers to the volume flow rate of H2 supplied into combustion. Syngas 
is a mixture of several species, and the content of H2 in fuel stream depends on fuel rate and 
concentration of H2 in fuel composition. Increasing either of these parameters escalates the 
content of H2 in the fuel stream. Research attention of [2], [78], [79] were paid on either the 
effect of fuel flow rate or the concentration of fuel species but not on the content of H2. The 
study of the impact of H2 content could be achieved by combining the study of the impact of 
fuel flow rate or concentration of fuel species presented in those papers together. 
Secondly, the effect of a variety in syngas fuel composition on the generation and transfer 
of heat from diffusion flame remains unknown. The recent study of the impact of syngas 
composition mostly focuses on the other aspects, as presented in the previous section. The 
analysis of heat generation capability formulated from the flame of different fuel 
composition is necessary since it could reveal a desirable and undesirable species in syngas 
composition. The heat generation capability of the flame is also necessary for the analysis 
of the production rate of emission species (CO2 and NOx). Both aspects should be studied 
together to prevent any misunderstanding information about the role of each species in 
syngas composition. For instance, the species that encourages heat generation capability and 
promotes the production rate of emission might be categorised as an undesirable species if 
only the emission rate is considered. The alternative method of the analysis, which considers 
both the heat generation capability and emission formation together, is hence required. The 
emission formation of CO2 and NOx should be perceived as the price to pay for a certain 
amount of heat. 
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Thirdly, the instability of co-flow diffusion flame could occur in different schemes apart 
from lift-off and blowout phenomena. In a laminar co-flow diffusion flame, a flame intrinsic 
instability called flame oscillation is the area which has not been investigated for the flame 
of syngas/producer gas. The flickering and tip-cutting flames which are two types of 
oscillating flame are focused. These phenomena occur due to the interaction between the 
flame and the vortices both inside and surrounding the flame. They are triggered when the 
velocity difference across the interface between the two fluids is sufficient. The flame is 
non-lifted, and the flame length extends upward and downward for the flickering flame. The 
tip-cutting flame is also non-lifted, and its length expands upward until the tip cut at the 
flame body occurs causing the flame length reduces. The nature of these phenomena is 
typically periodic, regular and reproducible. This type of instability is also known as Kelvin– 
Helmholtz and could occur in both premixed and non-premixed flame. Two types of 
oscillating flame called ‘flickering and tip-cutting flames’ were studied in recent works by 
Ref [3], [88]–[91] where the fuel is methane (CH4), propane (C3H8), or the mixture of both 
species (CH4/C8H8). The major factors affecting these phenomena are the fuel and oxidiser 
rates, and combustion conditions, e.g. the gravitational force, and pressure. The diversity in 
the fuel composition of syngas is expected to play a significant role in the flame oscillation 
phenomenon. The study of the effect of syngas composition on an occurrence of these 
phenomena is investigated in this work. 
Lastly, the impact of K-H instability could be reduced by increasing the co-flow air rate. 
This action will reduce the difference of velocity at the shear layer and push the vortices 
outside the visible flame. The magnitude of oscillation hence reduces and the flame 
oscillation disappears [88], [90]. The diversity in fuel composition plays a significant role in 
the magnitude of flame oscillation; therefore, it would affect the reduction of this parameter 
and the disappearance of flame oscillation when the co-flow air rate increases. This topic is 
lastly examined in this work.  
2.5 Theory 
Understanding the theory is the first step for fulfilling the knowledge gap. The related theory 
is reviewed in this section where the attention is paid on the characteristics of the laminar 
co-flow diffusion flame (e.g. flame temperature, flame length, and flame oscillation). The 
stable one has a clear shape and dimension, and the length could be estimated by several 
methods. The classical method was proposed by Burke and Schumann [92]. However, there 
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are several assumptions applied. Firstly, the velocity of fuel stream has single characteristics 
(only a vertical direction of the velocity is considered). Secondly, the impact of the buoyancy 
force is neglected. Lastly, the ratio between momentum and mass diffusivity or Schmidt 
number (Sc) is unity. This theory provides a reasonable agreement result with the circular 
pot burner. Roper [93] recognized that the buoyancy force could encourage the diffusion rate 
and narrows the flame. The theory of Burke and Schumann [92] was then developed by 
allowing the characteristics velocity to vary with the radial distance and taking into account 
the impact of buoyancy force. The analytical solution of this work was verified by the 
experiment in [94], [95]. For the circular pot burner, the length of the flame can be computed 
as  
ܪ௙ =  ܳ௙( ஶܶ/ ிܶ)4ߨܦஶ݈݊(1 + 1/ܵ)ቆ ஶܶ௙ܶ ቇ଴.଺଻ (1) 
where ܦஶ is mean diffusion coefficient evaluated at the oxidiser temperature, ܳ௙  is volume 
flow rate of fuel stream, ஶܶ is an oxidiser temperature, ிܶ is fuel temperature, ௙ܶ is flame 
temperature, and ܵ is the molecular stoichiometric ratio which could be computed as follow: 
ܵ =  ൬݉݋݈݁ݏ ݋ݔ݅݀݅ݏ݁ݎ ݂݈ݑ݅݀
݉݋݈݁ݏ ݊݋ݖݖ݈݁ ݂ݑ݈݁ ൰௦௧௢௖௛௜௢௠௘௧௥௜௖  (2) 
When the fuel gas is diluted with the inert gas, the flame length is reduced due to an influence 
of the molecular stochiometric (ܵ). For the hydrocarbon fuel, the value of ܵ  when it is diluted 
by inert gas could be computed as 
ܵ =  ݔ + ݕ/4
ቀ
11 − ܺௗ௜௟ቁܺைమ   (3) 
The formula presented above (equation (1)) assumes that the density is constant and suitable 
for the combustion that the oxidizer is excessive. A method for computing the flame length 
for the variable-density case was introduced by Fay [96]. The buoyancy force was again 
neglected to simplify the axial momentum equation. Also, the ratio between mass, 
momentum and thermal diffusivity is assumed to be unity. The solution of Fay [96] is 
presented below 
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ܪ௙ି௔௩௘ =  38ߨ 1௙ܻ,௦௧௢ ݉̇௙ߤ௥௘௙ ߩஶߩ௥௘௙ 1ܫ൫ߩஶ/ߩ௥௘௙൯ (4) 
where ݉̇௙ is mass flow rate of fuel stream, ߤ௥௘௙  is a dynamic viscosity at the reference 
temperature, ߩஶ is a density of ambient air, and the numerical solution of term ܫ൫ߩஶ/ߩ௥௘௙൯ 
is provided in Fay [96]. 
When the flame is unstable and oscillates, the length is computed as the average flame length 
(ܪ௙ି௔௩௘). The dimensionless parameter can be used for calculating the average value as 
ܪ௙
݀
= 0.58ܴ݁଴.଺଺଻ܨݎ଴.଴଼ଽ   (5) 
where ݀ is fuel nozzle diameter, ܴ݁ is Reynolds number, and ܨݎ is Froude number. The 
value of ܴ݁ and ܨݎ are defined below 
ܴ݁ = ߩݑ௙݀
ߤ
 (6) 
ܨݎ = ݑ௙
ඥ݃݀
 (7) 
where ߩ is fuel density, ݑ௙ is fuel velocity, ݃ is gravity, and ߤ is dynamics viscosity.     
The formula presented in equation (5) was presented by Sato et al. [91] and it is suitable for 
the buoyant dominated laminar diffusion flame with the range of Reynolds number between 
5 and 570, (5 ≤ ܴ݁ ≤ 570), and Froude number between 4.2E-4 and 5.3E3, (4.2 × 10ିସ ≤
ܴ݁ ≤ 5.3 × 10ଷ). However, the formular does not consider the combustion condition as the 
study focused on single fuel speceis. The diversity in fuel composition affects only the 
change of ܴ݁.   
The temperature of the flame can be predicted through the chemical reaction at the 
stochiometric and adiabatic conditions. This flame temperature is called ‘adiabatic flame 
temperature’ which is the maximum temperature that can be achieved for given reactants. 
By utilising the first law of thermodynamics and balancing the energy in and out, the 
adiabatic flame temperature could be computed from  
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෍ܪ௣௥௢ௗ௨௖௧௦( ௜ܶ,݌) = ෍݊௜ൣ∆ܪ௥௘௔௖௧௔௡௧,௜଴ + ܥ௣,௜( ௔ܶௗ − ௥ܶ௘௙)൧  (8) 
where ܪ is enthalpy, ݊௜ is a number of moles of reactant species ݅  obtained from the chemical 
reaction, ௔ܶௗ and ௥ܶ௘௙ are adiabatic and reference temperature, respectively, and ܥ௣ is the 
specific heat at constant pressure. Further, this method also provides the heat released from 
the combustion.     
The flickering and tip-cutting flames are types of flame oscillating phenomenon. This 
phenomenon occurs due to the buoyancy force which causes the flame front regularly 
oscillates at the low frequency (10 – 20 Hz). According to ref [97]–[101], the result obtained 
from the numerical study shown that the shear layer of burnt gas had an inflexional profile 
of velocity resulting in the Kelvin-Helmholtz (K-H) type of instability. An occurrence of K-
H instability can be assessed through Richardson number (ܴ݅) where the layer is unstable at 
the value less than 0.25. This parameter is the ratio between the buoyancy term and shear 
flow term as presented below 
ܴ௜ = ܩݎܴ݁ଶ (9) 
where ܩݎ is the Grashof number which represents the ratio of the buoyancy to the 
viscous force acting on a fluid. The value of this parameter could be defined as  
ܩݎ = ݃ߚ൫ ௦ܶ − ௥ܶ௘௙൯݀ଷ
ߥ2  (10) 
where ௦ܶ is surface temperature, ߚ is the coefficient of thermal expansion (1/ ௦ܶ for an ideal 
gas), and ߥ is kinematic viscosity.   
As seen, the temperature, gravity, viscosity, velocity of the fluid, and fuel inlet diameter 
could encourage the occurrence of K-H instability. Once this phenomenon occurs, the 
mixing of fuel and oxidizer at the shear layer between both streams is directly affected 
resulting in the oscillating flame. The structure and the movement of this flame type were 
studied extensively in Ref [98], [99], [102]. The flickering motion of the flame is formed 
through the coupling of the fluttering with the movement of vortex rings. It is also found that 
the flickering frequency relies weakly on the type of fuel, fuel nozzle size, and velocity of 
fuel and co-flow air. Ambient pressure and gravity play a significant role in the flickering 
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frequency. The relationship between the frequency (F) and the gravity is ܨ~݃ଶ/ଷ while the 
relationship between F and ambient pressure is ܨ~ܲଵ/ଷ [103]. In other words, the weak 
gravity and pressure field reduce the velocity gradient on the shear layer of the jet resulting 
in the lower level of impact of K-H instability and magnitude of flame oscillation. The 
flickering frequency could also be defined through the dimensionless parameter such as 
Froude number (ܨ௥) and Strouhal number ( ௧ܵ). Sato et al. [91] and Arai et al. [104] expressed 
the relation between the frequency and these dimensionless parameters are presented as 
௧ܵ ∝ ܨ௥ି଴.ହ଻ (11) 
where 
௧ܵ = ܨ݀ݑ௙  (12) 
When the co-flow air is supplied into combustion, the difference of the velocity at the shear 
layer is lower, and the impact of K-H instability is lower. The flickering frequency is higher 
as the flame is more stable. In this case, the flickering frequency could be estimated by the 
formula introduced by Darabkhani et al. [88] as  
ܨ = 0.33ܽ + 11 (13) 
where ܽ is a co-flow air flow rate in the unit of ‘standard litre per minute (SLPM). 
According to equation (1) - (5), flame length depends on several variables such as fuel rate, 
density, viscosity, stoichiometric ratio, the concentration of the inert species, gravity, and 
diffusivity. Most of these variables are affected directly by the variety of syngas 
composition. Thus, the difference in flame length is expected from the diffusion flame of 
different compositions. For the fuel rate, the equations presented above clearly express the 
direct proportion relation between this parameter and flame length; the higher fuel rate 
supplied would result in the longer flame. However, this condition is valid when the fuel 
stream is in laminar flow regime. The higher velocity of fuel may push the flow regime of 
fuel to turbulent where the mentioned theory cannot be applied.  
For syngas flame, the theory of flame height presented in equations (1) could be used for 
explaining the role of CH4 on flame length mentioned in the previous section. The molecular 
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stochiometric ratio of CH4 is more than 3 times higher than H2 and CO, and this causes the 
significantly longer flame length when it is diluted into syngas. For the addition of CO2, and 
N2, the result obtained was not in the same direction as the theory (equation (1) - (3)) where 
the higher inert gas in fuel composition was expected to reduce the flame length. 
As stated above, the adiabatic flame temperature only provides the upper limit of the flame 
temperature of the reactant. The actual combustion also depends on other factors e.g. 
diffusion, and incomplete combustion. Therefore, the flame temperature of the diffusion 
flame is expected to be lower than its adiabatic flame temperature. Further, the fluid 
interaction due to K-H instability can affect the mixing of fuel and oxidizer resulting in the 
lower flam temperature.    
The flame oscillation phenomenon was extensively studied in various aspects as mentioned 
above. However, most works focused on the single or mixture of hydrocarbon fuel species. 
The diversity in fuel composition of syngas could affect the phenomenon differently. Firstly, 
the different density of various syngas composition leads to the different level of impact of 
buoyancy force. Secondly, a significantly higher diffusive property and burning velocity of 
H2 which is a major species in syngas composition than fuel species may affect the shear 
layer of the burnt gas. As a result, the flickering frequency, average flame length and the 
movement of the oscillating flame obtained from the flame of different syngas compositions 
would be different. 
2.6 Combustion modelling by CFD 
CFD is one of the effective techniques for studying combustion and flame. It is capable of 
simulating the combustion and flame of the complex combustion system such as gas turbine, 
burner, and internal combustion engine [105]–[107]. Regarding the diffusion flame of 
syngas, this method was utilised in Ref [23], [78]–[83] for examining the turbulent and 
laminar co-flow diffusion flame. The CFD models generated in these papers are capable of 
formulating the flame with the similar result comparing to one obtained from the experiment. 
However, the proper selection of numerical methods for computing the fluid flow, chemical 
reaction, materials property, and heat transfer is needed as well as the validation of the newly 
generated model. 
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Combustion modelling by CFD is a proper method for fulfilling the knowledge gap 
mentioned above. Once the CFD model is validated, it could be used for formulating the 
flame of various syngas composition with a reliable result. The contour plot of temperature, 
velocity, and species allows the analysis of flame characteristics in detail. Furthermore, the 
methodology and result of the published papers relating to the combustion modelling of co-
flow diffusion flame of gas fuel having H2 as a primary fuel species could be used as a 
guideline and reference for model formulation and validation processes. 
Regarding combustion modelling by CFD, various techniques are available for the 
modelling of combustion and flame. Direct Numerical Simulation (DNS), Large Eddy 
Simulation (LES), and Reynolds-averaged Navier–Stokes (RANS) were selected in Ref 
[23], [78], [82] for simulating the turbulent syngas co-flow flame. The combustion models 
such as the Eddy dissipation (ED) the Eddy dissipation concept (EDC) and steady laminar 
flamelets (SLF) model were compared in Ref [23]. The result obtained from the EDC model 
supplied with the detailed chemical reaction mechanism is closer to the experimental result; 
however, it is computationally costly. For the laminar co-flow flame, DNS is the standard 
approach, and the combustion is typically computed based on the chemical reaction 
mechanism supplied to the model, as seen in Ref [2], [79], [108]. Apart from the combustion 
model, the accuracy of the simulation results also relies on the method used for defining the 
species property, e.g. viscosity, thermal conductivity, diffusivity and specific heat. Also, the 
thermal radiation and diffusion could be considered in the model to provide more detail on 
the analysis of the flame.          
The simulation of the reacting flow requires the reaction pathway for each species in fuel 
composition. The chemical reaction mechanism explaining syngas/producer gas combustion 
has been developed and introduced in several research works. The size of the mechanism 
depends on the number of species and chemical reactions related. A larger reaction 
mechanism provides a higher level of the details of the formation of species; however, it 
requires a more expensive computational cost. As several reaction mechanisms are available, 
selecting a proper chemical reaction mechanism is significant for combustion modelling. 
The proper one should contain the reaction pathway of all species in syngas composition and 
has a suitable size for the computational ability. 
Various reaction mechanisms being capable of predicting syngas/producer gas combustion 
were compared by Fischer and Jiang [109] and Olm et al. [110] to find the most suitable one. 
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All compared reaction mechanisms predicted the ignition delay time and flame velocity in 
the same direction as the experimental data with a different level of accuracy. A similar 
approach can apply for finding the most suitable mechanism for the modelling of the syngas 
diffusion flame. This can be processed by supplying different reaction mechanisms to the 
CFD model, then comparing the result obtained from them based on the experimental result 
of the reference combustor.    
Table 2-3 Selected chemical reaction mechanisms 
Mechanisms Consist of 
NOx 
emission 
Number of 
species/reactions 
 H2 CO CH4 CO2 N2   
GRI3.0 [111] / / / / / / 53/325 
DRM22 [112] / / / / / - 22/104 
Yetter et al. [113]  / / - / / - 13/28 
Davis et al. [114]  / / - / / - 14/30 
Lu and Law [115] / / / / / / 30/184 
Sankaran et al. [116]  / / / / / - 17/73 
Consequently, chemical reaction mechanisms from various sources are revised, and six of 
them are selected for further analysis. These are GRI3.0 [111], DRM22 [112], Yetter et al 
[113], Davis et al [114],  Lu and Law [115], and Sankaran et al [116]. The comparison in 
terms of the number of species and chemical reaction is presented in Table 2-3. The largest 
mechanism is GRI3.0 [111], which contains 53 species and 325 reactions, whereas the 
smallest one is Yetter et al. [113], which consists of 13 species and 28 reactions. Apart from 
Yetter et al. [113] and Davis et al. [114], the other mechanisms are capable of computing the 
reaction pathway of H2, CO, CH4, CO2, and N2. The reaction mechanisms of Yetter et al. 
[113] and Davis et al. [114] do not consist of the reaction pathway of CH4. The GRI3.0 [111] 
mechanism was developed to provide a detailed step by step chemical reaction. The Lu and 
Law [115] mechanism (30 species/184 reactions) and Sankaran et al. [116] mechanism (17 
species/73 reactions) were researched for studying methane/air combustion. DRM22 [112] 
(22 species/104 reactions) is the reduced reaction mechanism of GRI1.2 [117] to have the 
smallest number of variables but still a detailed mechanism. Lastly, Yetter et al. [113] and 
Davis et al. [114] mechanisms are different from the other selected mechanisms since both 
were designed specifically for the combustion of H2 and CO. Among them, only GRI3.0 
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[111] and Lu and Law [115] consider the emission formation of NOx (both thermal and 
prompt). All selected reaction mechanisms presented above are compatible with 
computational fluid dynamics (CFD). The reaction pathway of them can be supplied into the 
CFD model for simulating the reacting flow of syngas/producer gas, including diffusion 
flame. Comparing the flame formulated by CFD based on these mechanisms with the 
reference result obtained from the experiment would reveal the most suitable one.    
2.7 Discussion 
The development challenge needs to be addressed in order to encourage the utilisation of 
syngas/producer gas as a mainstream energy source. Fulfilling the knowledge gap is the 
pathway to this main objective. CFD is a proper technique for this purpose due to its 
advantages in various aspects. The classical co-flow laminar diffusion flame (Burke–
Schumann flame [92]) is a better option than the turbulent one. The stable laminar flame has 
clear shape and dimension while the unstable one (e.g. oscillating flame) has the explicit 
pattern of movement. This allows the study of the impact of the variety in syngas 
composition on various aspects e.g. flame dimension, temperature, chemical heat release, 
emission formation, and flame oscillation. Also, less complexity in flow regime allows the 
computational power to be used for computing the chemical reactions rather than the 
complicated fluid interaction. Thus, the larger reaction mechanism with a higher number of 
related species and reactions could be supplied to the CFD model. This method also provides 
more in-depth detail in the reaction pathway, especially the heat released from each step of 
an exothermic reaction. The studies of [2], [3], [88], [108] are useful references and guideline 
for the simulation of stable and unstable oscillating laminar co-flow flame. These research 
works provide the burner geometry as well as an experimental and CFD result which could 
be used in the validation stage for assessing the reliability of the newly generated CFD 
model. The model is ready to be used for the formulation of syngas flame once the result 
obtained in the validation stage is satisfied.       
2.8 Conclusion 
An overview of the key literature is presented in this chapter. Understanding the impact of 
diversity in syngas composition on combustion and flame characteristics could guide the 
development of the syngas production process and its combustion application. The review 
points to the gap in the knowledge of syngas/producer gas diffusion flame. The areas which 
Chapter 2 - Literature review 
 
31 
 
are required research to fulfil are pointed out as (i) the effect of content of H2 in fuel stream 
on flame characteristics, (ii) the analysis of heat generation capability of various syngas 
composition, (iii) the impact of syngas composition on an occurrence of unstable oscillating 
flame, and (iv) the the impact of syngas composition on the disappearance of flame 
oscillation. Finally, the modelling of stable and unstable laminar co-flow diffusion flame by 
CFD is purposed as a study technique.     
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Chapter 3 Methodology 
The fuel composition of syngas/producer gas contains not only single species like a 
conventional fossil fuel but also multiple species (both combustible and non-combustible 
species) at the various possible concentration ratio. Computational fluid dynamic (CFD) is 
selected as a method for studying the stable and unstable laminar diffusion flames of this 
fuel. This method has flexibility in the parametric study of focused parameters (e.g. fuel and 
oxidiser flow rate and fuel composition) without the requirement of a practical installation 
and configuration of complex experimental apparatus. Thus, it is an effective tool for 
projecting the impact of fuel composition on various aspects of flame characteristics.  
In this thesis, two simulation models are generated through CFD. The first one is used for 
the study of a stable flame, and the other one is for an investigation of the unstable oscillating 
flame. The burner configurations, utilised as a reference in the formulation of the stable and 
unstable flame CFD models, are taken from the studies of Toro et al. [2] and Darabkhani et 
al. [88], respectively. The governing equations, thermal radiation model, and chemical 
modelling technique of both models are almost the same. Only the methods used for defining 
the dynamic viscosity and molecular diffusivity are different. The details of the governing 
equations, numerical models and numerical procedure are presented in this chapter. 
3.1 Governing equations 
The generated CFD model considers that the properties of mass, momentum and energy are 
conserved, and the governing equations are derived by the control volume approach as 
explained in the sections below. 
  The Navier-Stokes (N-S) equations 
The simulation model considers an axisymmetric domain based on the burner geometry of 
Toro et al. [2] and Darabkhani et al. [88]. The mass, axial momentum, and radial momentum 
conservation equations are therefore expressed in equations (14), (15), and (16)  respectively 
as:    
߲ߩ
߲ݐ
+ ߲(ߩݑ௫)
߲ݔ
+ ߲(ߩݑ௥)
߲ݎ
+ ߩݑ௥
ݎ
= 0,     (14) 
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߲(ߩݑ௫)
߲ݐ
+ 1
ݎ
߲(ݎߩݑ௫ݑ௫)
߲x + 1ݎ ߲(ݎߩݑ௥ݑ௫)߲ݎ= −߲݌
߲x + 1ݎ   ߲߲ݔ ൥ݎߤ ൭2߲ݑ௥߲ݔ − 23 (∇ ∙ ݑሬ⃗ )൱൩+ 1
ݎ
  ߲
߲ݎ
൤ݎߤ ൬
߲ݑ௫
߲ݎ
−
߲ݑ௥
߲ݔ
൰൨ + ߩ݃௫ ,    
(15) 
߲(ߩݑ௥)
߲ݐ
+ 1
ݎ
߲(ݎߩݑ௫ݑ௥)
߲x + 1ݎ ߲(ݎߩݑ௥ݑ௥)߲ݎ= −߲݌
߲ݎ
+ 1
ݎ
  ߲
߲ݔ
൤ݎߤ ൬
߲ݑ௥
߲ݔ
−
߲ݑ௫
߲ݎ
൰൨+ 1
ݎ
  ߲
߲ݎ
൥ݎߤ ൭2 ߲ݑ௥
߲ݎ
−
23 (∇ ∙ ݑሬ⃗ )൱൩ − 2ߤ ݑ௥ݎଶ + 23 ߤݎ (∇ ∙ ݑሬ⃗ )    
(16) 
where ݑ is the velocity component (ms-1), ݐ is the time, ߩ is the mixture density, ݔ is the 
axial coordinate, ݎ is the radial coordinate, the subscription ݔ and ݎ refers to the direction in 
the axial and radial coordinates respectively, ߤ is the dynamic viscosity, ݌ is the static 
pressure, and ߩ݃௫ is the gravitational body force acting in the axial direction.  
The term  ∇ ∙ ݑሬ⃗  is expressed as: 
∇ ∙ ݑሬ⃗ =  ߲(ߩݑ௫)
߲ݔ
+ ߲(ߩݑ௥)
߲ݎ
+ ߩݑ௥
ݎ
       (17) 
As the axisymmetric domain is utilised, the derivatives of flow variables (pressure, velocity 
etc.) in the circumferential direction are zero. In other words, the assumption is made by 
considering that the flow solution would not change in a circumferential direction. The axis 
of the simulation domain lies on the coordinate in which ݎ = 0, the value of  ݎ is equal or 
more than zero to prevent the error. The mesh sweeps for an angle of 1 radian. Therefore, 
any volumetric or area quantities reported from the model are assumed to be for a 1-radian 
sector. The results that will be presented in the following chapters are multiplied by 2ߨ for 
the value of a quantity for the full 360° revolution. The singularity of ௨ೝ
௥
 at ݎ = 0 is avoided 
by replacing this term as ௗ௨ೝ
ௗ௥
. In this work, the flow regime of both fuel and oxidiser streams 
is laminar with the Reynolds number less than 600. Thus, the impact of turbulent on the mix 
of fuel and oxidiser is significantly weak.  
The dynamic viscosity (ߤ) of the mixture is the combination of the same definition of each 
individual species. At the species level, the dynamic viscosity of species ݅ (ߤ௜) is defined by 
either of the three different methods; (i) Chapman-Enskong method [118] shown in (18), (ii) 
Chapter 3 - Methodology 
 
34 
 
interpolation of the gas property data of Ref [119], and (iii) constant value based on 
temperature and pressure of the combustion condition. The stable flame CFD model utilises 
method (i) for defining the value of ߤ௜. Methods (ii) and (iii) are used in an unstable flame 
CFD model. The value ߤ௜ of major reactant and product species, e.g. H2, CO, CH4, CO2, N2, 
O2, and H2O are computed by method (ii) whereas, one of the other species, it is provided 
by method (iii).   
ߤ௜ = 2.6693 × 10ି଺ ቆ ඥܯ௜ܶߪ௜ଶߗ(ܶ∗) ቇ (18) 
Here in this equation, ߤ௜ is the viscosity of species ݅, ܯ௜ is the molecular weight of species 
݅, ܶ  is temperature (in K), ߪ௜ is the collision diameter or Lennard-Jones characteristics length 
of species ݅, ߗ(ܶ∗) is the collision integral term, ܶ∗ is reduced temperature (dimensionless) 
which is defined as: 
ܶ∗ = ൬݇ܶ
ߝ௜
൰ (19) 
where ݇ is the Boltzmann constant (1.3806503 × 10ିଶଷ m2-kg-s-2-K-1) and ߝ௜ is the 
potential energy of attraction or Lennard-Jones energy of component ݅. Furthermore, the 
value of ߪ௜ and ߝ௜ of each individual species are provided by the database of STAR CCM+ 
software [120]. 
At the gas mixture level, the Mathur-Saxena averaging method [121] shown in (20) is used 
for combining ߤ௜ computed from the method (i) in the stable flame CFD model. This method 
computes the dynamic viscosity of the mixture (ߤ) based on the mole fraction of species in 
the mixture. On the other hand, the Mass-weight mixture method in equation (21) is utilised 
for combining ߤ௜, which is obtained from either method (ii) or (iii). This combination method 
relies on the mass fraction of each species in the gas fuel mixture.  
ߤ = 12ቆ෍ ௜ܺ∅௜௡௜ୀଵ + ൬෍ ௜ܺߤ௜௡௜ୀଵ ൰ିଵቇ, (20) 
ߤ = ෍ ௜ܻߤ௜௡
௜ୀଵ
 (21) 
where ௜ܻ is the mass fraction of species ݅, and ௜ܺ is the mole fraction of species ݅ 
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 Species mass conservation equation 
The simulation of reacting flow relates to several species. The analysis of the species mass 
conservation is explained in the gas mixture level. In addition to the N-S equations, this 
equation is described as:  
߲
߲ݐ
ߩ ௜ܻ + ∇ ∙ (ߩ ௜ܻݑሬ⃗ + ܬ௜) =  ܴ௜        (22) 
where ܴ௜ is the production rate of species ݅, and ܬ௜ is the diffusive heat flux which relates to 
the molecular diffusion and thermal diffusion. The expression of ܬ௜ is defined according to 
Fick’s first law as: 
ܬ௜ =  ߩܦ௜(∇ ∙ ௜ܻ) (23) 
where ܦ௜ is the molecular diffusivity coefficient of species ݅ in the gas mixture which is 
defined by the kinetic theory as:  
ܦ௜ = ଵି௑೔
∑
೉ೕ
ವ೔,೘ಿ೔సభ,೔ಯೕ    (24) 
where ௝ܺ is the mole fraction of species ݆. The binary diffusion coefficient between species 
݅ and ݉ (ܦ௜,௠) is computed according to the Chapman-Enskog method as: 
ܦ௜,௠ = 2.66 × 10ି଻ܶଵ.ହ݌ܯ ௜,௝଴.ହߪ௜,௝ଶ ߗ(ܶ∗)    (25) 
where 
ܯ௜,௝ = 2ܯ௜ܯ௝ܯ௜ + ܯ௝        (26) 
The parameter ܯ௜ in equation (26) is the molecular weight of species ݅, ܯ௪  is the molecular 
weight of the gas mixture, ߪ௜,௝ is the collision diameter for the pair of component ݅ and ݆ 
which is computed from Lennard-Jones characteristics length of species ݅ and ݆ by the 
similar method as the calculation of ܯ௜,௝, and ݌ is the (absolute) static pressure. The unstable 
flame CFD model utilised these set of equations for defining the diffusive flux. For the stable 
flame CFD model, the multicomponent diffusion and thermal diffusion (soret effect) are 
considered. Without the movement of the flame, the computational cost of the stable flame 
CFD model could be paid more on the impact of thermal and mass diffusion, especially one 
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of H2, which has a significantly higher diffusivity than the other combustible species (the 
data is provided in Chapter 2). The diffusive heat flux (equation (23)) is hence modified as: 
ܬ௜ =  ߩ∑ ܦ௜,௝ே௝ୀଵ (∇ ∙ ௜ܻ) + ߩ ஽೔,೟் (∇ ∙ ܶ)     (27) 
The first term in (27) refers to the multi-component diffusion where ܦ௜,௠ is computed using 
the Maxwell-Stefan equations [122], where ܰ is the number of species. The implicitly of the 
diffusive flux is defined as a function of mole fraction gradients, which are given as: 
∇ ௜ܺ = ெೢఘ ∑ ௑೔௃ೕெೕÐ೔,ೕ −ே௝ୀଵ,௝ஷ௜ ௑ೕ௃೔ெ೔Ð೔,ೕ   (28) 
where Ð௜,௝  is the binary diffusion coefficient between species ݅ and ݆. The equation could 
be written in the matrix form as: [B]∇ܻ = [A]ܬ    (29) 
in which [B] is the mapping from mass fraction gradients to mole fraction gradients and [A] 
refers to the Maxwell-Stefan equations. The multi-component diffusion coefficient could be 
computed by inverting [A] and multiplying by the matrix [B] as:  
ܦ௜,௝ =  ߩ∑ ܣ௜,௞ିଵܤ௞,௝ே୩ୀଵ     (30) 
In equation (27), ܦ௜,௧ is the thermal diffusion coefficient for species ݅, and the term ߩ ஽೔,೟் (∇ ∙
ܶ) refers to the soret effect or thermal diffusion model. Warnatz Model [123] is selected for 
computing the thermal diffusion coefficient (ܦ௜,௧). The method relies on the thermal 
diffusion ratio between species ݅ and ݆ as follows: 
ܦ௜,௧ = ܦ௜,௘௙௙ ܯ௜ܯ௪෍ܭ்,௜௝ே
௝ୀଵ
 (31) 
where 
ܭ்,௜௝ = 152 ൫2ܣ௜,௝∗ + 5൯(6ܥ௜,௝∗ − 5)൫ܣ௜,௝∗ (16ܣ௜,௝∗ − 12ܤ௜,௝∗ + 55൯ܯ௜ −ܯ௝ܯ௜ + ܯ௝ ௜ܺ ௝ܺ, (32) 
ܣ௜,௝∗ = ଵଶ ఆ೔,ೕ(మ,మ)ఆ೔,ೕ(భ,భ), (33) 
ܤ௜,௝∗ = ଵଷ ହఆ೔,ೕ(భ,మ)ିఆ೔,ೕ(భ,య)ఆ೔,ೕ(భ,భ) , (34) 
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ܥ௜,௝∗ = 13ߗ௜,௝(ଵ,ଶ)ߗ௜,௝(ଵ,ଵ)   (35) 
For this set of equations, ߗ௜,௝ represents the collision integrals term computed from the 
collision integrals of species ݅ and ݆. The detail of this method is explained in Kee et al. 
[124]. The effective diffusion coefficient of species ݅  (ܦ௜,௘௙௙) in the gas mixture is given as:   
ܦ௜,௘௙௙ = 1 − ௜ܺ
∑ ௝ܺܦ௜,௝ே௜ୀଵ,௜ஷ௝
  (36) 
As seen, equation (25) and (36) are similar except the binary diffusion coefficient. ܦ௜,௠ is 
used in the previous equation (unstable flame CFD model), but ܦ௜,௝ is substituted in the latter 
one.   
 Energy conservation equation 
The energy conservation equation is written as: 
߲
߲ݐ
(ߩܧ) + ∇ ∙ (ݑሬ⃗ (ߩܧ+ ݌) = −(∇ ∙ ݍ௝) + ܳ௥       (37) 
where ݍ௝ is the energy flux, and ܳ௥ is the thermal energy production rate. The total energy 
(ܧ) is computed based on the enthalpy (ℎ) of the mixture as:  
ℎ = ܧ + ݌
ߩ
     (38) 
The energy equation (37) is then re-written as: 
߲
߲ݐ
(ߩℎ) + ∇ ∙ (ݑሬ⃗ ߩℎ) = ߲݌
߲ݐ
− ൫∇ ∙ ݍ௝൯ + ܳ௥      (39) 
where the enthalpy (ℎ) in this equation is computed by the combination of species enthalpy 
(ℎ௜) and mass fraction as: 
ℎ = ෍ ௜ܻℎ௜ே
௜ୀଵ
  (40) 
The enthalpy of species ݅ is a function of temperature which is calculated as follows: 
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ℎ௜ = ℎ௜° + නܥ௣,௜்݀ܶ
்°   (41) 
where ℎ௜° is the heat of formation of species ݅ at the reference temperature (298.15 K). ܥ௣,௜ is 
the specific heat at a constant pressure of species ݅. The method utilised for estimating the 
value of ܥ௣,௜ is the 7 coefficient NASA thermodynamic polynomials method [125]. This 
method creates the polynomial curve profile of specific heat (ܥ௣,௜), enthalpy (ℎ), and entropy 
(ܵ) as a function of temperature based on 7 coefficients. For this work, these coefficients are 
provided for each individual species from the thermodynamics properties of GRI3.0 [111] 
chemical reaction mechanism. 
As shown below in equation (42), the energy flux ݍ௝ is the contribution of the energy flux 
of conduction (ݍ௝௖), diffusion (ݍ௝ௗ), and energy flux (ݍ௝஽) caused by concentration gradients 
(Dofour effect) [123]. The high diffusive property of H2 is taken into account for the term 
ݍ௝
஽. The pilot case of hydrogen flame was run for estimating the value of this parameter, and 
it is found that the value of ݍ௝஽ is much smaller than ݍ௝௖ and ݍ௝ௗ; thus, this term is neglected 
in this work. 
ݍ௝ = ݍ௝௖ +  ݍ௝ௗ + ݍ௝஽ (42) 
Regarding the contribution of conduction (ݍ௝௖), it could be expressed by Fourier’s law as 
follows: 
ݍ௝
௖ =  ߣ௖௢௡ ߲߲ܶݔ௝ (43) 
In equation (43), ߣ௖௢௡ is the thermal conductivity of the gas mixture which is computed by 
combining the thermal conductivity of each individual species (ߣ௖௢௡,௜). The kinetic theory is 
utilised for defining ߣ௖௢௡,௜. This numerical model considers the translation contribution 
(ܥ௩,௧௥௔௡), rotation contribution (ܥ௩,௥௢௧) and vibration contribution (ܥ௩,௩௜௕) as follows: 
ߣ௖௢௡,௜ = ߤ௜ܯ௜ ൫ ௧݂௥௔௡ܥ௩,௧௥௔௡ + ௥݂௢௧ܥ௩,௥௢௧ + ௩݂௜௕ܥ௩,௩௜௕൯ (44) 
where  
௧݂௥௔௡ = 52 ൤1 − 43ߨ ܣܤ൨, (45) 
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௥݂௢௧ = ߩܦ௜ߤ௜ ൤1 + 2ߨ ܣܤ൨, (46) 
௩݂௜௕ = ߩܦ௜ߤ௜ , (47) 
ܣ = 52 − ߩܦ௜ߤ௜ , (48) 
ܤ = ݖ௥௢௧ + 2ߨ ൬53ܥ௩,௥௢௧ܴ௨ + ߩܦ௜ߤ௜ ൰, (49) 
ܥ௩,௧௥௔௡ = 32ܴ௨ , (50) 
ݖ௥௢௧ = ݖ௥௢௧(298)ܨ(298)ܨ(ܶ) , (51) 
ܨ(ܶ) = 1 + ߨଷ/ଶ2 ൬ߝ௜/݇ܶ ൰ଵ/ଶ + ቆߨଶ4 + 2ቇ ߝ௜/݇ܶ + ߨଷ/ଶ ൬ߝ௜/݇ܶ ൰ଷ/ଶ, (52) 
ܥ௩,௩௜௕ = ܥ௩ − 52ܴ௨ (53) 
In these equations, ܴ௨ is the universal gas constant, ߣ௖௢௡,௜ is the thermal conductivity of 
species ݅, and ݖ௥௢௧(298) is the value of the rotation collision number at 298 K which is 
defined in the transport properties of the component. ܥ௩,௥௢௧ presented in equation (49) is 
defined as equal as ܴ௨, whereas ܥ௩ in equation (53) is the molar specific heat at constant 
volume of species ݅. ܦ௜ in equation (46) - (49) is replaced by ܦ௜,௘௙௙  for the stable flame CFD 
model. The combination of ߣ௖௢௡,௜ for ߣ௖௢௡ is processed by the Mathur-Saxena averaging 
method which relies on the species mole fraction as follows: 
ߣ௖௢௡ = 12ቆ෍ ௜ܺߣ௜௡௜ୀଵ + ൬෍ ௜ܺߣ௜௡௜ୀଵ ൰ିଵቇ (54) 
Regarding the energy flux due to the diffusion (ݍ௝ௗ) in equation (42), it is computed by the 
diffusion of species having different enthalpy as follows: 
ݍ௝
ௗ = ෍ ℎ௜௡
௜ୀଵ
ܬ௜,௝ (55) 
Therefore, the combination of equations (43) and (55) causing the energy flux presented in 
equation (42), becomes 
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ݍ௝ = ߣ௖௢௡ ߲߲ܶݔ௝ + ෍ ℎ௜௡௜ୀଵ ܬ௜,௝   (56) 
  The equation of state 
The reactant and product of the combustion reaction are assumed to have the ideal gas 
behaviour. Therefore, the equation of state for ideal gas [126] is applied as presented in 
equation (57).  
݌ = ߩܴ௨ܶ෍ ௜ܻܯ௜ே
௜
 (57) 
where ܯ௜ is the molecular weight of species ݅. 
 Thermal radiation 
The thermal radiation is considered as significant in the combustion process. The radiative 
energy transports from the higher temperature gas mixture to the surrounding lower 
temperature. This phenomenon results in the reduction of combustion temperature. The 
definition of the thermal radiative heat flux from the black body to the surrounding is 
expressed as: 
ܳ௥ = ܵ௕(ܶସ − ௦ܶ௨௥௥ସ ) (58) 
where ܵ௕ is the Stefan-Boltzmann constant (5.67 × 10ି଼ W-m-2K4), and ௦ܶ௨௥௥ is the 
surrounding temperature.  
As the radiative flux (ܳ௥) is proportional to ܶ ସ, it is significant compared to the heat transfer 
of conduction and convection. The high-temperature gas during combustion is the product 
of the chemical reaction, e.g. CO2 and H2O (water vapour). The radiation in the thermal 
spectrum is, hence, dominated by these participating medium gases. In opposite, the 
absorption of diatomic gases, e.g. N2 and O2, could be neglected as they have no significant 
absorption bands. Several numerical models were introduced to formulate the propagation 
of radiation e.g. P-1 [62] and [127], discrete transfer [128], discrete ordinates [129] and 
[130], and Rosseland [131] radiation models. In this work, the electromagnetic wave, which 
radiates through the gray gases (mainly CO2 and H2O), is modelled by the Discrete Ordinate 
Method (DOM), which is also called as ‘Participating Media radiation’. A detailed 
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description of the method can be found in Modest [131]. Briefly, the model considers that 
the surface radiative property (e.g. emissivity, reflectivity, transmissivity, and radiation 
temperature) does not depend on direction but the wavelength of the medium which can also 
absorb, emit, or scatter radiation. Thus, the amount of radiation that each surface receives 
and emits depends on this effect as well as the optical properties of the surface controls.  
The expression of the propagation of thermal radiation intensity (ܫ) through the participating 
media in solid angle (ߗ) direction is presented in the form of the radiative transport equation 
(RTE) as:   
݀ܫఒ
݀ݏఙ
= −ߚఒܫఒ + ݇௔ఒܫ௕ఒ + ݇௦ఒ4ߨ න ܫఒ(ߗ)݀(ߗ)଴ସగ + ݇௣௔ఒܫ௣௕ఒ + ݇௣௦ఒ4ߨ න ܫఒ(ߗ)݀(ߗ)଴ସగ  (59) 
where 
ܫఒ is the radiative intensity, ݇௔ఒ is the absorption coefficient, ݇ ௦ఒ is the scattering coefficient, 
ܫ௕ఒ is the black body intensity, ߗ is the solid angle, ݇ ௣௔ఒ is the particle absorption coefficient, 
݇௣௦ఒ is the particle scattering coefficient, ܫ௣௕ఒ is the particle black body intensity at particle 
temperature, ݏఙ is the distance in the ߪ direction, and ߚఒ is defined as:  
ߚఒ = ݇௔ఒ + ݇௦ఒ+݇௣௔ఒ + ݇௣௦ఒ (60) 
The black body intensity (ܫ௕ఒ) is defined as: 
ܫ௕ఒ = 2ܥଵߣହ(݁௖మ/ఒ் − 1) (61) 
where ܥଵ = 0.595522 × 10ିଵ଺ Wm2s-1 and ܥଵ = 0.01439 mK. 
The process of DOM requires a specification of the number of solid angles or “ordinates”, 
and the higher number usually increases the level of accuracy [132]–[134]. This model 
considers the surrounding volume as a sphere and solves the field equations for radiation 
intensity that is associated with a fixed direction ௜ܵ. This direction ( ௜ܵ) is represented by a 
discrete solid angle in the surrounding hemisphere. It analyses the wavelength as a band 
rather than the specific value. The number of the ordinates is selected as eight in this work, 
and this results in the consideration of 80 directions of ௜ܵ. The ordinate equation of each 
wavelength band and is given as: 
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௜ܵ ∙ ∇ܫ௜∆ఒ = −ߚ∆ఒܫ௜∆ఒ + ݇௔∆ఒܫ௕∆ఒ + ݇௦∆ఒ4ߨ ෍ݓ௝ܫ௜∆ఒ +௡
௝ୀଵ
݇௣௔∆ఒܫ௣௕∆ఒ
+ ݇௣௦∆ఒ4ߨ ෍ݓ௝ܫ௜∆ఒ௡
௝ୀଵ
 
(62) 
where ∆ߣ represents a wavelength band from ߣ௠ to ߣ௡, and ݓ௝ is the quadrature weight. The 
black body intensity in this equation is defined as:  
ܫ௕∆ఒ = ∫ ܫ ఒܾ݀ఒ − ∫ ܫ ఒܾ݀ఒఒ೘଴ఒ೙଴    (63) 
The particle absorption and scattering coefficients as well as ௝߱ could be found in [131].  
The Weighted Sum of Gray Gases Method (WSGGM) [135], which is widely used in the 
simulation of combustion of air-fuel is selected for computing the absorption coefficient 
(݇௔ఒ) presented in equation (64). The model assumes that the property of the combustion 
product gases, e.g. CO2 and H2O, does not significantly scatter but strongly emit and absorb 
radiation. 
݇௔ఒ = − ln(1−∈)ܱܲܮ  (64) 
where ∈ is the total emissivity over the optical pathlength (ܱܲܮ). The value of ∈ is defined 
by considering all the gray gases (e.g. CO2 and H2O) as presented below. 
∈= ෍ܽ∈,௜൫1 − ݁ି௄೔(ை௉௅)൯ீ
௜ୀ଴
 (65) 
where ܽ∈,௜ is the emissivity weight factor for gray gas species ݅, ܩ is number of gray gases, 
and ܭ௜ is the absorption coefficient of gray gas species ݅. The value of ܽ∈,௜ and ܭ௜ are 
obtained from Ref [135], [136]. The optical pathlength (ܱܲܮ) is computed as:     
ܱܲܮ = 3.6(volume/surface area) (66) 
where the volume is the total volume of the gas, and the surface area is its total surface area. 
In this work, the value of ܱܲܮ is computed and update every iteration, and the volume and 
surface area of the flame are utilised in equation (66).  
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To asses whether the impact of thermal radiation is significant or not, the pilot cases are run 
for both stable and unstable CFD flame models. The results of flames with and without the 
activation of thermal radiation are compared. It is found that the numerical result is closer to 
the experimental result when the thermal radiation model is activated. The result also shows 
that the consideration of thermal radiation causes a lower flame temperature. Thus, the 
absorption of combustion product gases e.g. H2O and CO2 are significant, and the CFD 
model should include the thermal radiation model.    
3.2 Chemistry modelling 
 Chemical kinetics 
The finite rate chemistry model where the production rate of each species is computed from 
the multi-steps chemical reaction mechanism is an effective method for modelling the 
laminar diffusion flame. The performance of this method could be found in Ref [2], [108], 
[137]. A good agreement result between the numerical result and the experimental result was 
found in these works. In this thesis, both stable and unstable flame CFD models utilised the 
finite rate chemistry model for modelling the reacting flow.    
The term of the production rate of species ݅ (ܴ௜) in the species transport equation presented 
in (22) is computed based on the supplied chemical reaction mechanisms. The elementary 
forward and backward reaction can be expressed in a general form as:  
ݒ஺
ᇱ A + ݒ஻ᇱ ܤ + ⋯ ௞೑→ ݒ஼ᇱ C + ݒ஽ᇱ ܦ + ⋯     (67) 
ݒ஺
ᇱ A + ݒ஻ᇱ ܤ + ⋯ ௞್← ݒ஼ᇱ C + ݒ஽ᇱ ܦ + ⋯     (68) 
where A and B are reactant species, C and D are product species, ݇௙ is forward rate constant, 
݇௕ is backward rate constant, ݒ′௜ is the stoichiometric coefficients of the reactants of species 
݅, and ݒ′′௜ is the stoichiometric coefficients of the products of species ݅. For an elementary 
reaction the rate of reaction of species A can be expressed as:   
ௗ[஺]
ௗ௧
= ݒ஺ቂ݇௙ ∙ [ܣ]௩ಲᇲ [ܤ]௩ಳᇲ …− ݇௕ ∙ [ܥ]௩಴ᇲ [ܦ]௩ವᇲ … ቃ    (69) 
where 
ݒ஺ = ݒ஺ᇱᇱ − ݒ஺ᇱ    
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The blanket refers to the concentration of each species. As the chemical reaction mechanism 
consists of several species and reactions, the net rate of reaction of species A can be 
explained as:  
߱̇௜ = ∑ ݒ௜,௝ݎ௝ேೕ௝ୀଵ     (70) 
Where 
ݎ௝ = ቀ݇௙,௝∏ [ܣ]௩ೕ,೔ᇲ −௜ ݇௕,௝∏ [ܣ]௩ೕ,೔ᇲᇲ௜ ቁ    (71) 
The rate ݇௙ and ݇௕ are computed from the rate coefficient of reaction (݇) which is expressed 
in the form of a modified Arrhenius equation as: 
݇ = ܣܶఉ೐షಶ/ೃ೅      (72) 
where ݇ = ݇௙ for forward reaction, ݇ = ݇௕ for backward reaction, ܣ is the pre-exponential 
factor, ߚ is the temperature exponent and ܧ is the activation energy 
Nevertheless, the unit of ߱̇௜ in equation (70) is kmol-m-3s-1 and requires the development to 
the preferred unit kg-m-3s-1. Thus, ߱̇௜ is multiplied by the molecular weight of species ݅ 
(ܯ௪,௜) as follows: 
ܴ௜ = ܯ௪,௜߱̇௜    (73) 
 Complex chemistry model 
The ‘complex chemistry numerical model’ in STAR CCM+ is selected. According to the 
diversity in syngas composition, the chemical reaction of combustible species (H2, CH4, and 
CO) occur at different chemical time scale. Also, the significantly higher diffusivity of H2 
causes the complex combustion of syngas flame; thus, the proper chemical reaction 
mechanism is required for modelling the combustion. The generated CFD model computes 
the chemical reaction and species transport based on the detailed reaction mechanism 
supplied. This model is capable of computing complex reaction systems with a wide range 
of reaction time scales [120]. It considers each computational cell as a constant pressure 
reactor and computes the chemical source term ܴ௜ (the production rate of species ݅ in 
equation (22)) for each species. The detailed reaction mechanism containing the information 
about species, reactions, thermodynamics, and transport properties is required for the 
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complex chemistry model. This complex chemistry definition could be imported as Chemkin 
format to the model. The chemical reaction mechanisms revised in Section 2.5 are 
compatible with the complex chemistry model.  
The ‘operator splitting’ algorithm is utilised for solving the species transport equation. This 
algorithm takes advantage of the difference in time scales involved for computing the flow 
field and the chemical reactions. The solving process consists of two steps. Firstly, in each 
time step, the chemical state is integrated into each cell from state ( ௜ܻ,ܶ, ݌)௡ to ( ௜ܻ,ܶ,݌)∗, 
and this change accounts only for the chemical source term. 
௜ܻ
∗ = ௜ܻ + න ݎ௝(ࢅ,ܶ,݌)݀ݐఛ
଴
 (74) 
Regarding equation (74), ௜ܻ∗ is the mass fraction at the end of time integration ߬ , ࢅ is a mass 
fraction vector, ܶ is temperature, and ݎ௝ is obtained from (71). The solution obtained in the 
first step is used in the second step where the species transport equation is solved with an 
explicit reaction rate ܴ௜ for the ݅’th species defined as follows: 
ܴ௜ = ߩ݂ ቆ ௜ܻ∗ − ௜ܻݐ ቇ (75) 
where ߩ is the density, and ݂ is the mean reaction rate multiplier. 
As the study focuses on the laminar flame, the value of ݂ is set as 1, which means there is 
no consideration of the turbulent time scale and turbulent length scale. This setup is thus 
called ‘Laminar flame concept’ (LFC) model. The time integration ݐ is specified through the 
time step in the unsteady simulation. On the other hand, the cell residence time (ݐ௥௘௦) is used 
in the steady-state simulation. The value of ݐ௥௘௦ is defined as the time that a fluid element 
spends in the cell. It is calculated from the mass in the cell divided by the mass flux in the 
cell, as shown in equation (76). 
ݐ௥௘௦ = ቀ݉݉̇ቁ (76) 
As this algorithm relates directly to the time step, the low convective courant number (ܥܥܰ) 
is required for the unsteady simulation to ensure that the error is small. The definition of 
ܥܥܰ is expressed as: 
Chapter 3 - Methodology 
 
46 
 
ܥܥܰ = ݑ∆ݐ
∆ݔ
 (77) 
where ݑ is the magnitude of the velocity, ∆ݐ is the time step, ∆ݔ is the length interval.  
3.3 Numerical method  
 Finite volume approach 
The simulation of both the CFD models (stable and unstable flames) is conducted based on 
the finite volume method by which the governing differential equations presented in the 
previous sections are transformed into a system of algebraic equations [120]. An algebraic 
multigrid solver is then used for solving the resulting equations. The set of governing 
equations (mass, momentum, energy, and species) are discretised and expressed as a 
generalised transport equation. By integrating this equation over a control volume and 
applying the Gauss's divergence theorem, the generalised equations are expressed in the 
integral form as below: 
݀
݀ݐ
ʃ௏  ߩ∅ܸ݀ + ʃ஺ ݑ௝ߩ∅ ∙ ݀ܽ = ʃ஺ (߁(∇ ∙ ∅))݀ܽ + ʃ௏  ܵ∅ܸ݀ (78) 
where ∅ is a scalar quantity of fluid property, ܸ is denoted as control volume (cell volume), 
and ܣ is the surface area of the control volume, ݀ܽ denotes the surface vector, ߁ is the 
diffusion coefficient, and ܵ∅ is the generation/destruction of fluid property ∅.  
From left to right, the equation consists of four terms, which are the transient term, 
convective flux, diffusive flux, and source term. The details of each term could be found in 
Ref [136]. The source term is the external force that is linked to gravity. By giving the value 
of ∅ as 1, ݑ௜, ܧ, ℎ or ܻ ௜, and provides appropriate value for ߁and source term. The generalised 
equations become the partial differential equations for mass, momentum, energy, and species 
conservation. The diagram explaining the parameters in the generalised equations of two 
computational cells is presented below. 
In the numerical method, the surface integral is approximated by quadrature approximations 
[136]. On the other hand, the volume integral is estimated by the product of the mean value 
of the source term. By applying the integration approximation, the semi-discrete transport 
equation is then rewritten by referring to the parameters presented in Figure 3-1 as:  
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݀
݀ݐ
(ߩ∅ܸ) + ෍ [ߩ∅ݑ௝ ∙ ܽ]௙
௙
= ෍ [(߁(∇ ∙ ∅))  ∙ ܽ]௙
௙
+ ܵ∅ܸ݀ (79) 
where ܽ௙ is the surface area vector of face ݂ in the cell, and ∑௙  is the sum over all cell faces 
of the cell. 
 
Figure 3-1 Discretization of the generalised equation [120] 
In Figure 3-1, f is the cell face, af is the surface area vector of face f, s0 and s1 are the distance 
from the cell centroid to face centroid of cell 0 and cell 1, and ds is the distance between the 
centroid of cell 0 and cell 1.  
For the unsteady simulation of an unstable flame CFD model, the analysis of the physical 
time interval is subdivided into an arbitrary number of sub-intervals called ‘time-step’. The 
transient term (first term on the left of equation (79)) is activated, and the solution of the 
governing equations is computed at different time levels. In this work, the transient term is 
approximated based on the Euler implicit scheme [138]. The solution at time ݐ requires the 
solutions obtained from the previous time-step for the computational process. A basic 
second-order temporal discretisation is selected; thus, the transient term uses the solution of 
the current time step as well as the solution of the previous two time-steps in a Backward 
Differentiation Formula [139] presented as follows: 
݀
݀ݐ
(ߩ∅ܸ) = ൬32 (ߩ∅ܸ)௡ାଵ + 2(ߩ∅ܸ)௡ + 12 (ߩ∅ܸ)௡ିଵ൰ 1∆ݐ (80) 
where ݊ + 1 is the solution at the current time level, ݊ and ݊ − 1 are the solutions at the 
previous two-times levels, and ∆ݐ is the time-step.  
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However, a first-order temporal discretisation is used in the first time-step of the simulation 
since only two levels are available. The expression of the first-order temporal discretisation 
is presented as:  
݀
݀ݐ
(ߩ∅ܸ)଴ = (ߩ∅ܸ)଴௡ାଵ − (ߩ∅ܸ)଴௡∆ݐ  (81) 
The subscript 0 refers to the convective flux at the face ݂ (the second term from the left of 
equation (79)) can be rearranged as follows: 
(∅ߩܸ ∙ ܽ)௙ = (݉̇∅)௙ = ݉̇௙∅௙  (82) 
 where ݉̇௙ is the mass flow rate at face ݂ while ∅௙  is a value of ∅ at face ݂ in Figure 3-1.   
The second-order upwind (SOU) scheme is selected for both the stable and unstable flame 
CFD models. The value of the term ݉̇௙∅௙  is given as:  
(݉̇∅)௙ = ݉̇௙∅௙,଴ when ݉̇௙ ≥ 0, or  = ݉̇௙∅௙,ଵ when ݉̇௙ < 0 (83) 
In this scheme, ∅௙,଴ and ∅௙,ଵ are computed using a multidimensional linear reconstruction 
approach [140]. In other words, the value of this parameter is obtained by interpolating 
linearly from the cell centre values on either side of the face ݂ in Figure 3-1. The definition 
of them could also be expressed as: 
∅௙,଴ = ∅଴ + ܵ଴ ∙ (∇ ∙ ∅)௥,଴ (84) 
∅௙,ଵ = ∅ଵ + ଵܵ ∙ (∇ ∙ ∅)௥,ଵ   (85) 
where ܵ଴ = ݔ௙ − ݔ଴, ଵܵ = ݔ௙ − ݔଵ, and (∇∅)௥,଴ and (∇∅)௥,ଵ in equations (84) and (85) are 
the gradient of cell 0 and 1, respectively.  
The second-order expression of diffusive flux (the first term on the right-hand side of 
equation (79)) is considered in both the CFD models created. The diffusive flux term is then 
rewritten as: 
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߁௙(∇ ∙ ∅௙) ∙ ܽ = ߁௙ൣ(∅ଵ − ∅଴)⃗ߙ ∙ ܽ + ∇ ∙ ∅തതതതതത ∙ ܽ − ൫∇ ∙ ∅തതതതതത ∙ ݀ݏ൯⃗ߙ ∙ ܽ൧ (86) 
where  
⃗ߙ = ௔
௔∙ௗ௦
  
݀ݏ = ݔଵ − ݔ଴   
∇ ∙ ∅തതതതതത = (∇ ∙ ∅଴ − ∇ ∙ ∅ଵ)2    
The second and third terms represent the secondary gradient (or cross-diffusion), and they 
are essential for maintaining accuracy on non-orthogonal meshes. To simplify the equation, 
the analysis assumes that the centroids of cells 0 and 1 lie on opposing sides of the face. 
Their locations are also consistent with the convention that the face area vector points out of 
cell 0. According to this, the second and third term of equation (86) could be neglected. 
Thus, the diffusive flux is given as: 
߁௙(∇ ∙ ∅௙) ∙ ܽ ≈ ߁௙[(∅ଵ − ∅଴)⃗ߙ ∙ ܽ] (87) 
However, it is necessary to take into account that the angle between ܽ and ݀ݏ cannot be 
greater than 90 degrees. Also, the fine mesh pattern with a lower degree of skewness angle 
is needed.   
As seen, the convective and diffusive flux relates to the cell gradient (∇∅) which is computed 
in two steps. Firstly, the unlimited reconstruction gradient is computed by the Hybrid Gauss-
Least Squares Method [141]. Secondly, the gradient limiter ‘Venkatakrishnan [142]’ is used 
for limiting the reconstruction gradient to the minimum and maximum bounds of the 
neighbouring cell values; i.e. the gradient is controlled and will not exceed the maximum 
and minimum value of the neighbour cell. The cell gradient obtained from this process is 
hence used in the convective and diffusive flux term.  
The expression of convective and diffusive flux presented above are valid for all the interior 
cell faces and Neumann boundary conditions. For the Dirichlet boundary conditions, ∅௙  in 
the convective flux (equation (82)) is replaced by the boundary value (∅௕). Also, the 
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diffusive flux in equation (86) is modified by replacing ∅ଵ and ∇∅തതതത by ∅௕  and ∇∅଴, 
respectively. 
Finally, the algebraic system for the transported variable ∅ is written as: 
ܽ௣
߱
∆∅௣ + ෍ ܽ௡∆∅௡
௡
= ݎ (88) 
where  ∆∅௣ = ∆∅௣௞ାଵ − ∆∅௣௞ , the parameter ∅ is a transported variable, the superscript ݇ +1 refers to current iteration while ݇ represents the previous iteration, and ߱ is an under 
relaxation factor. The equation explains the condition of the neighbours ݊ of cell ݌. The 
residual (ݎ) represents the discretized form of the original equation (88), and it becomes zero 
when the discretization is exactly satisfied.  
 Solution procedures 
The segregated flow solver is selected in both CFD models. This solver solves the integral 
conservation equations of mass and momentum in a sequential manner. In other words, the 
governing equations are solved one after the other for the solution. The selected solver 
employs a pressure-velocity coupling algorithm called ‘SIMPLE’ which provides the 
linkage between the momentum and continuity equations. The pressure-velocity coupling 
could be derived from the continuity equation and presented in term of the mass flux 
correction ݉̇௙ᇱ  as:  
෍݉௙̇
௙
= ෍൫݉̇௙∗ + ݉̇௙ᇱ ൯
௙
= 0 (89) 
The algorithm demands the setup of boundary condition and also the initial condition which 
is provided based on the geometry and combustion condition of the reference co-flow burner 
(Toro et al. [2] and Darabkhani et al. [88]). The details of these aspects will be presented in 
the validation process of each CFD model in Chapters 4 and 6. The solving process begins 
by computing the reconstruction gradients and gradient of velocity and pressure. The 
discretised momentum equation (presented in the previous section) is latterly solved with a 
guessed pressure field (݌∗), and this creates the intermediate velocity field (v∗). The 
uncorrected mass fluxes at interior faces (݉̇௙∗) is computed from the velocity field. However, 
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it does not satisfy the continuity and requires the mass flux correction ݉̇௙ᇱ  to satisfy 
continuity. The pressure correction equation presented below (equation (90)) is solved, and 
this process produces the cell values as well as the pressure correction ݌ᇱ. 
݉̇௙
∗ = ߩ௙ܽ ∙ ൬v଴∗ + vଵ∗2 ൰ − ܳ௙൫݌ଵ − ݌଴ − ∇݌௙∗തതതതത ∙ ݀ݏ൯ (90) 
where 
ܳ௙ = ߩ௙ ൬ ଴ܸ + ଵܸܽ଴തതത + ܽଵതതത൰ ⃗ߙ ∙ ܽ (91) 
In equation (90), and (91), v଴∗  and vଵ∗ are the cell velocity obtained from the solution of the 
discrete momentum equation, ଴ܸ and ଵܸ are the cell volumes for cell 0 and cell 1, ܽ଴തതത and ܽଵതതത 
are the average of the momentum coefficients for all the components of momentum for cells 
0 and 1, ݌଴ and ݌ଵ are the pressure for cell 0 and cell 1, and ∇݌௙∗തതതതത is the volume-weighted 
average of the cell gradients of pressure. The value of ∇݌௙∗തതതതത is computed by volume-based 
interpolation between the gradient values of the two cells. Further, the cell variables in these 
equations are previously described in Figure 3-1.   
Once the pressure correction ݌ᇱ is obtained, the pressure field and boundary condition are 
updated as:  
݌ = ݌∗ + ߱݌ᇱ (92) 
The mass flux correction ݉̇௙ᇱ  is latterly computed as:  
݉̇௙
ᇱ = ܳ௙(݌଴ᇱ − ݌ଵᇱ ) + ݉௙∗ߩ௙ ൬߲ߩ߲݌൰் ݌ᇱ (93) 
where ݌ᇱ is equal to ݌଴ᇱ  when ݉௙∗ > 0, and it is equal to ݌ଵᇱ  when ݉௙∗ < 0.  
The face mass flux and cell velocity are latterly corrected as 
݉̇௙ = ݉̇௙∗ + ݉̇௙ᇱ  (94) 
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v = v∗ − ܸ∇௣ᇲ
ܽ௣ᇱ ୴  (95) 
where ∇௣ᇲ is the gradient of the pressure corrections, and ܽ௣ᇱ ୴ is the vector of central 
coefficients for the discretised velocity equation. 
 
 Figure 3-2 Solution procedure of the created CFD model 
At the end of the sequent, fluid property, e.g. density, is updated according to the change of 
pressure and temperature. The other energy, species and other scalar transport equations are 
solved using the previously updated values of their variables. The residual is assessed by the 
convergence criterion, which is 10-6 for the residual of energy and radiation, and 10-4 for the 
other transport equations. The solving sequent continues until all the criterions are satisfied. 
According to the solving process, this solution procedure is also known as a predictor-
corrector approach. The solution procedure diagram is presented in  Figure 3-2.  
3.4 Conclusion 
CFD was selected as a method for formulating the laminar diffusion flame of 
syngas/producer gas. Two CFD models were created for simulating the stable and unstable 
laminar diffusion flame. The burner geometry, experimental condition, and methodology of 
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Toro et al. [2] and Darabkhani et al. [88] were utilised as a reference and a guideline for the 
creation of simulation model. The methodology used in this thesis was presented in this 
chapter. The details included the governing equations, numerical method, and solving 
procedure. 
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Chapter 4 Effects of hydrogen content on flame 
characteristics 
Hydrogen (H2) is a primary combustible species in syngas composition. The effect of content 
of this species in fuel stream on flame characteristics is studied in this chapter. The H2 
content, in this term, refers to the volume of this species in the fuel stream. It relates to two 
factors, such as the fuel velocity and the concentration of H2 in fuel composition (ܺுమ). 
Increasing either of these parameters results in the higher content of H2 in fuel stream 
supplied into combustion. The generated CFD model (stable flame model) formulates the 
laminar diffusion flame of H2/N2 mixture fuel and pure hydrogen (H2). The velocity of fuel 
and air stream ( ௔ܸ௩௚) and ܺுమ  are varied for projecting the effect of H2 content. The study 
focuses on various aspects, such as the flame structure, flame dimension, flame temperature, 
species distribution, and NOx emission formation. 
4.1 Introduction 
Unlike the conventional gas fuel which consists of only single combustible species, syngas 
is a mixture of combustible and non-combustible species at the various ratios. The content 
of combustible species supplied into the combustion hence relies not only on the flow rate 
of fuel but also on the concentration of combustible species in fuel composition. H2 is one 
of the primary species in syngas composition; hence, understanding the role of this species 
on the flame characteristics is significant for the study of syngas combustion. Research 
attention has been paid on the impact of either fuel rate or the concentration of H2 in fuel 
composition (ܺுమ) on flame characteristics but not the combination of these factors together. 
The example could be seen from the study of Dinesh et al. [78] and Toro et al. [2] where the 
turbulent and laminar co-flow flame of H2/N2 were investigated numerically and 
experimentally. The result of these papers cannot be compared directly for the effect of H2 
content due to the different flame types and combustion conditions. However, the 
methodology of them can be used as a guideline for setting up the studied cases and model 
formulation.   
As a result, the co-flow burner geometry of Toro et al. [2] is selected and modelled based on 
the methodology presented in Chapter 3. The experimental result presented in this paper is 
used as a reference in the validation process. The CFD model formulation, optimisation and 
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validation process are firstly presented in this chapter. Secondly, the study of the effect of 
H2 content on the flame characteristic is presented. The discussion and conclusion are 
provided in the last stage. 
4.2 Model formulation and validation 
The CFD model is created according to the burner geometry and combustion condition of 
Ref [2]. The details regarding the formulation and validation of this model are presented as 
follows:  
 Burner geometry  
The burner is co-flow in which the fuel injector is located at the centre of the axis, and it is 
surrounded by the co-flow air inlet. The inner diameter of the fuel and co-flow air inlets tube 
are 9 and 95 mm respectively. The fuel exit is 8 mm above the co-flow exit. The burner 
appearance is illustrated in Figure 4-1a. 
 
(a) 
 
(b) 
Figure 4-1 (a) burner geometry and domain and (b) mesh generation and boundary condition 
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 Computational domain and boundary condition 
The numerical method requires the proper computational domain and grid refinement in 
order to obtain the converged and reliable solution. For the co-flow burner configuration, 
the flame is formulated above the fuel and co-flow air inlet. Thus, this location is the volume 
of interest which needs to be constructed by using a computational mesh. A two-dimensional 
(2D) axisymmetric domain representing this volume is considered. The mesh pattern is 
designed to project the reacting flow as well as the interaction between the fluid flow and 
burner geometry. More cells are concentrated close to the fuel and co-flow air exit. The 
higher density of cells at this location provides more accuracy for resolving the gradients by 
numerical method. The density of the cells slightly decreases at the higher vertical and 
horizontal distance from the fuel inlet. The number of cells and the distances between grids 
directly affect the reliability and accuracy of the result and the computational time. Thus, the 
mesh independency study and optimisation process are required for finding the proper mesh 
density for each simulation model. This process will be explained in Section 4.2.4.  
The directed mesh procedure in the software, which allows the on-demand design of mesh 
construction is utilised. The width of the top plane of the domain is 47.5 mm which accounts 
from the centreline of the fuel tube to the outer line of the co-flow air tube horizontally. The 
width of the bottom plane is 4.2 cm and covers the distance from the outer of the co-flow air 
tube to the outer of the fuel inlet tube. The height of the domain from the top to the bottom 
planes is 208 mm. The thickness of the fuel tube is 1 mm, and the width of the fuel inlet is 
4.5 mm. The axis of the domain is the centre line of the fuel inlet. The generated mesh is 
presented in Figure 4-1b.  
The boundary condition of the simulation domain is illustrated in Figure 4-1b. Combustion 
occurs at the temperature and pressure of 298 K and 101325 Pa, respectively. The same 
temperature and pressure also apply on top and left boundaries, which are defined as pressure 
outlet. The species on these boundaries are air, which is defined as 79% N2 and 21% O2. The 
bottom boundary is a velocity inlet for both the fuel and co-flow air. The velocity profile is 
parabolic for fuel stream and bulk for the co-flow air stream. The fuel tube and its thickness 
are defined as a wall boundary with non-slip and non-adiabatic conditions. 
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 Numerical technique overview 
A segregated solver is utilised for solving the continuity, momentum, species transport, and 
energy equations. The methods used for calculating the dynamic viscosity and specific heat 
are Chapman-Enskong, and 7 coefficient NASA polynomials, respectively. The 
thermodynamic and transport property data are imported from the GRI3.0 mechanism [111] 
database. Molecular diffusivity and thermal conductivity are computed according to the 
kinetic theory. The generated CFD model considers multi-component diffusion, thermal 
diffusion also thermal radiation. The radiation transport equation is solved by the Discrete 
Ordinate Method (DOM) where the absorption coefficient is calculated based on the 
weighted sum of gray gas model (WSGG). The details of the mentioned methods were 
already presented in Chapter 3. The property of the gas fuel in this study at injected 
temperature (298K) is presented in Table 4-1 
Table 4-1 Property gas fuel in this work at  
 25%H2+75%N2 50%H2+50%N2 75%H2+25%N2 H2 
Density (kg/m3) 0.88 0.614 0.348 0.0824 
Dynamic viscosity 
(Pa-s) 
1.515E-5 1.28E-5 1.08E-5 0.89E-6 
Thermal conductivity 
(W-m-1K-1) 
0.051 0.078 0.112 0.191 
Mass diffusion 
coefficient of gases in 
excess of air (cm2-s-1) 
H2 = 0.756, O2 = 0.176, H2O = 0.242, and N2 = 0.304 
Specific heat (kJ-kg-
1K-1) 
1.35 1.93 3.39 14.31 
Air-fuel ratio 0.60 1.19 1.79 2.38 
The flame is ignited by setting the temperature of the cells close to the fuel and air exit at 
1800 K for the first 20 iterations. The simulation was run until the convergence of the 
solution is obtained with a steady-state profile of the contour plots of the velocity, 
temperature and concentration of species H2, N2, O2, N2, H2O, NO and NO2. The residuals 
of the continuity, momentum, and energy equations are found between 10-4 and 10-6. Thus, 
solution stability and steadiness are ensured. 
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 Mesh generation and optimisation  
A higher number of grids and cells on the computational domain provides greater detail of 
the solution; nevertheless, a higher computational cost is required. Three levels of mesh 
density (fine, medium, and coarse) are created by a hyperbolic function, and the results 
computed from them are compared to optimise the proper level of mesh resolution. A 
clustering mesh is stretched both vertically and horizontally from the outer edge of the fuel 
inlet tube to the pressure boundary (both top and left boundaries), axis, and co-flow air inlet. 
The mesh pattern is designed for computing the reacting flow field as well as the fluid 
interaction between the fuel inlet tube and the co-flow air stream. Different levels of mesh 
density have a different number of grids, cells and the smallest cell size. The detail of each 
mesh density level is presented in Table 4-2. The smallest cell size of the fine, medium and 
coarse mesh density model is 0.1, 0.2, and 0.5 mm, respectively. This setup results in the 
total number of cells of the fine, medium, and coarse mesh models as 26,000, 7800, and 
2880 cells in order. 
Table 4-2 Mesh density level 
Resolution Levels from 
outer of the 
fuel outlet 
tube to the 
axis                     
Levels from 
outer of the 
fuel outlet 
tube to the top 
plane                   
Levels from 
outer of fuel 
outlet tube to 
left plane 
Levels from 
outer of the 
fuel outlet 
tube to the top 
plane 
Total 
number 
of cells 
Smallest 
cells size 
(mm) 
Coarse 10 50 25 12 2880 0.5 
Normal 16 100 50 24 7800 0.2 
Fine 20 200 200 32 26000 0.1 
The experimental data of Toro et al. [2] is used as a reference in this stage to assess the 
performance of the compared CFD models having different mesh resolution. The fuel gas 
has H2:N2 = 1 in terms of the mole fraction, and the flame is formulated at the velocity of 
both the fuel and air streams ( ௔ܸ௩௚) of 0.5 ms-1. The simulation is, therefore, run at this 
condition of fuel and oxidiser streams for all the compared models. The chemical reaction 
mechanism supplied to these models is GRI3.0 [111]. The mesh resolution providing the 
result closer to the reference result has a higher reliability and accuracy level.    
 Selection of chemical reaction mechanisms 
Several chemical reaction mechanisms being capable of computing the combustion of 
syngas/producer gas are selected and reviewed in Chapter 2 (Section 2.3.3). The most 
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suitable reaction mechanism for the generated CFD model can be obtained by comparing 
the results generated from different mechanisms with the reference result. One that provides 
a good agreement result will be selected. In this occasion, the comparison considers four 
different reaction mechanisms which are DRM22 [112], GRI3.0 [111], Yetter et al. [113], 
and Sankaran et al. [116]. The simulation is processed on the medium mesh density 
resolution which is found to be the most suitable mesh resolution according to the result 
obtained from the mesh dependency test. The result of the test will be presented together 
with the comparison of chemical reaction mechanism in the following section.    
 Validation of the simulation model 
The simulation results obtained from the CFD models with the different mesh density levels 
and chemical mechanisms are compared. The axial and radial profiles of temperature and 
species are presented in Figure 4-2 - Figure 4-5. As seen, all the generated CFD models are 
able to predict the comparable result with those obtained by the experimental method. Only 
a slightly under-prediction/over-prediction is observed, and the details of which are 
discussed in the sections below. 
4.2.6.1  Temperature and species distribution 
The temperature and species axial profiles of flames formulated by all the compared CFD 
models are presented in Figure 4-2. All the models predict the good agreement temperature 
profile when it is compared with the experiment result at a distance lower than 20 mm except 
the CFD model with the Yetter et al. [113] mechanism, which underpredicts the temperature 
profile at this range. Above this level (20 mm), the temperature profile is over-predicted by 
all the CFD models. The CFD model with the coarse mesh predicts the significantly higher 
temperature profile than the other models. For the axial species profiles of (H2, O2, H2O and 
N2), good agreement between the experimental and numerical results for all the species is 
obtained from all the CFD models.  
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(a) Temperature 
 
(b) H2 
 
(c) O2 
 
(d) H2O 
 
(e) N2 
 
 
 
Figure 4-2 Axial temperature and species profile comparison 
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(e) N2 
 
 
 
Figure 4-3 Radial temperature and species profile at 10 mm above the fuel exit 
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Figure 4-4 Radial temperature and species profile at 20 mm above the fuel exit 
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Figure 4-5 Radial temperature and species profile at 30 mm above the fuel exit 
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GRI3.0 
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Sankaran et al 
 
      
Tmax = 1965 K Tmax = 2007 K Tmax = 1957 K Tmax = 1935 K Tmax = 1845 K Tmax = 1930 K 
Figure 4-6 Flame structure generated by different CFD models 
At 10 mm above the fuel exit, Figure 4-3, the CFD model with Yetter et al. [113] mechanism 
predicts the lower peak value of the temperature profile than the other models, whereas the 
CFD model with the coarse mesh overpredicts the temperature profile. The other models 
also predict a similar temperature profile and thus comparable to the experimental result. 
The profile of H2 is computed similarly by all the CFD models at the radial distance more 
than 1.5 mm. The profile of this species predicted by all the CFD models is slightly higher 
than the experimental result at the radial distance less than 1.5 mm. All the CFD models and 
experimental methods provide the analogous radial profile of species O2, N2 and H2O except 
one with the coarse mesh. The CFD model with the coarse mesh again underpredicts the 
profile of O2 at the radial distance between 6 and 10 mm. Also, it overpredicts the radial 
profile of H2O at the radial distance between 7 and 10 mm.  
At 20 mm above the fuel inlet (Figure 4-4), all the CFD models compute the similar 
temperature profile to the experimental result at the radial distance less than 6 mm. The over-
prediction of the result is seen from all the models at a distance greater than 6 mm. It can 
also be seen that the lower peak value is computed from the CFD model with Yetter et al. 
[113] mechanism than the other models. The temperature profile generated by the CFD with 
the coarse mesh is higher than the other cases at the radial distance above 6 mm. For the 
species profile, all the CFD models overpredict the profile of H2 at the radial distance lower 
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than 2.5 mm but generate the comparable H2 profile to the experimental result at a higher 
distance. The profiles of O2, H2O, and N2 are well predicted by all the models at all the 
distances. Nevertheless, it is again found that the CFD model with the coarse mesh density 
formulates a slightly lower concentration of O2 but a higher concentration of H2O than the 
other mesh resolutions. 
At 30 mm (Figure 4-5), the underprediction of the temperature profile at a radial distance 
lower than 6 mm and the over-prediction of the profile at above 6 mm are obtained from all 
the models. Among them, the higher temperature profile is predicted by the coarse mesh 
CFD model. Generally, a good agreement between the experimental and numerical results 
is found from all the CFD models for the profiles of H2, O2, and N2. However, for the profile 
of H2O, over-prediction is observed from all the models at the radial distance above 6 mm. 
4.2.6.2 Flame structure 
The flame structure is expressed by the temperature contour plot, as seen in Figure 4-6. The 
structure of flame generated by all the models is similar; however, the maximum temperature 
of each model is different. The highest flame temperature is found from the CFD model with 
the coarse mesh (2007 K) whereas the lowest flame temperature is obtained from the CFD 
model with the Yetter et al. [113] mechanism (1845 K). Considering the structure, the area 
on the domain having the highest temperature is above the fuel tube where the fuel and co-
flow air stream initially interact, and the combustion is triggered. From the highest 
temperature area, the flame temperature reduces slightly along the flame front to the axis of 
the flame. The structure explained is observed from the flames formulated by all the 
compared models. 
 The validated model 
Analysing the result, all the generated CFD models are capable of predicting the good 
agreement result comparing to the experimental data for the species distribution of H2, O2, 
H2O and N2. In other words, the reaction pathway provided by all the compared chemical 
reaction mechanism could be used for studying the generation/deconstruction of species due 
to the combustion of laminar diffusion H2/N2 flame. On the other hand, the prediction of 
temperature performs the good agreement result at the area close to the fuel exit. The 
difference between the numerical and experimental increases when the distance from the 
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fuel inlet is longer. As seen, the temperature profile was overpredicted by all the compared 
CFD models at the axial distance above 20 mm and the radial distance above 6 mm. This 
could be the impact of utilising the axisymmetric domain where the fluid interaction, thermal 
diffusion, and thermal radiation are considered in two directions, and there is no change of 
fluid variables (pressure, velocity etc.)  in a circumferential direction. Further, the result is 
expected to be improved when the simulation is run on three-dimensional model where these 
parameters are considered        
Overall, the results in the validation stage, when compared with the experimental results, 
show that all the generated CFD models are capable of formulating the laminar diffusion 
flame of H2/N2. However, the level of accuracy of each model is different depending on the 
chemical reaction mechanism and mesh density. Among them, the CFD model with the 
GRI3.0 mechanism and medium mesh density is selected for the study stage. The benefit of 
this mechanism is the detailed reaction pathway, which also includes the formation of NOx 
emission; e.g. thermal and prompt NOx formations. On the other hand, the medium mesh 
density level was sufficient to provide a reliable result with the lower computational cost. It 
is found that the temperature and species profiles computed by the CFD model with both the 
fine and medium mesh density were similar. They were also closer to the experimental 
results than the coarse mesh model. 
4.3 Effect of H2 content on flame characteristics 
The selected CFD model from the validation stage (medium mesh with GRI3.0 mechanism) 
is utilised for simulating the flame of H2/N2 and pure H2 (100% H2). The study examines the 
effect of three parameters which are (i) H2 content (̇ݒுమ), (ii) fuel and co-flow air velocity 
( ௔ܸ௩௚), and (iii) concentration of H2 in the fuel composition in terms of its mole fraction 
(ܺுమ). Various aspects affected by these parameters are investigated, such as the flame 
structure, flame temperature, chemical heat release, species distribution, and NOx emission.  
For the H2/N2 gas fuel, the value of ̇ݒுమ increases when the value of either ௔ܸ௩௚  or ܺுమ  is 
higher. Therefore, the effect of ̇ݒுమ could be illustrated by varying ௔ܸ௩௚  or ܺ ுమ and observing 
the change of flame characteristics. This method results in the formulation of 12 flames with 
various values of ܺுమ(0.25 - 1 in mole fraction) and ௔ܸ௩௚  (0.25 - 0.75 ms
-1). As seen, the 
flame of pure H2 is also formulated at this range of fuel and co-flow air velocity. The details 
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regarding the fuel stream such as the flow velocity, fuel composition, and content of each 
species supplied into combustion are shown in Table 4-3. 
Table 4-3 Composition, volume flow, and velocity of fuel and air of all simulated flames 
Flame ࢄࡴ૛                          ࢄࡺ૛           ࢂࢇ࢜ࢍ  
(ms-1) 
࢜̇ࡴ૛  
(cm3s-1) 
࢜̇ࡺ૛ 
 (cm3s-1) 
࢚࢜̇࢕࢚ࢇ࢒ 
(cm3s-1) 
Flame A 0.25 0.75 0.25 3.97 11.93 15.9 
Flame B 0.5 0.5 0.25 7.95 7.95 15.9 
Flame C 0.75 0.25 0.25 11.93 3.97 15.9 
Flame D 1 0 0.25 15.9 0 15.9 
Flame E 0.25 0.75 0.5 7.95 23.85 31.8 
Flame F 0.5 0.5 0.5 15.9 15.9 31.8 
Flame G 0.75 0.25 0.5 23.85 7.95 31.8 
Flame H 1 0 0.5 31.8 0 31.8 
Flame I 0.25 0.75 0.75 11.93 35.77 47.7 
Flame J 0.5 0.5 0.75 23.85 23.85 47.7 
Flame K 0.75 0.25 0.75 35.77 11.93 47.7 
Flame L 1 0 0.75 47.7 0 47.7 
Table 4-4 Category of flames 
Resolution Enrich N2  Equal H2/N2 Enrich H2 Pure H2 ࢂࢇ࢜ࢍ (ms-1) 
Flame set I A B C D 0.25 
Flame set II E F G H 0.5 
Flame set III I J K L 0.75 
ܺுమ 0.25 0.5 0.75 1  
The effect of ̇ݒுమ is projected by comparing the results of different flames. The impact of 
ܺுమ  is illustrated by studying the flames formulated by the same ௔ܸ௩௚  but with different fuel 
composition (different ܺுమ). The role of ௔ܸ௩௚  is obtained from the comparison of flames 
generated from the same fuel composition (same  ܺுమ). The simulated flames are categorised 
based on ܺுమ  and ௔ܸ௩௚  to prevent any confusion and simplify the analysis as seen in Table 
4-4. The flames generated based on the same fuel composition (same  ܺுమ) but with different 
௔ܸ௩௚  are grouped for projecting the effect of ௔ܸ௩௚  as enrich N2 flame ( ܺுమ  = 0.25), equal 
H2/N2 flame ( ܺுమ  = 0.5), enrich H2 flame ( ܺுమ  = 0.75), and a pure H2 flame ( ܺுమ  = 1). 
Conversely, the flames generated by fuel having the same ௔ܸ௩௚  are categorised into three 
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flame sets for studying the effect of ܺுమ ; flame set I ( ௔ܸ௩௚  = 0.25 ms
-1), flame set II ( ௔ܸ௩௚  = 
0.5 ms-1), and flame set III ( ௔ܸ௩௚  = 0.75 ms-1). 
 Flame appearance 
 
Figure 4-7 The profiles of fuel, oxidiser, flame temperature, and reaction rate at the flame front 
According to the theory of diffusion flame, the flame front is a boundary of the flame where 
the stoichiometric combustion occurs (mixture fraction (ݖ) = 1). The fuel and oxidiser 
concentration profile, reaction rate, and temperature at the flame front are illustrated in 
Figure 4-7. As seen, the reaction rate and the temperature are at the peak value at the flame 
front. For the single step global reaction, the flame front could be simply computed based 
on the value of mixture fraction. This method could be difficult when the simulation relates 
to several steps of reactions. In such a case, the flame front line could be drawn based on the 
peak temperature. The line is formulated by the zero-temperature gradient method; i.e. the 
grids on the domain having the zero-temperature gradient are connected to form a flame 
front line. These grids have the highest temperature at each vertical (y-direction) and 
horizontal (x-direction) levels of the created grid system, as presented in the mesh generation 
section. As these grids have the peak temperature, their positions are hence the location 
where the stoichiometric combustion of multi-steps chemical reaction occurs. Connecting 
them forms the flame front line or the stochiometric contour. The dimension and shape of 
the formulated flames are presented on the temperature contour plots, as shown in Figure 
4-8. 
The comparison of the dimension between flames in the same flame set is presented in Figure 
4-9. As seen, the shape of all the simulated flames is almost downward parabolic. The flame 
front line covers the distance from the outer of the fuel exit tube, passes through the axis and 
finishes on the other side of the outer fuel exit tube. The flame dimension (length and width) 
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is obtained from the extraction of the flame front in Figure 4-9 and presented in Figure 4-10a. 
Furthermore, the flame size or volume is computed by integrating the area inside the flame 
front line around the flame axis. The comparison of the flame size as well as ̇ݒுమof all the 
simulated flames are presented in Figure 4-10b.  
 
Flame A Flame B Flame C Flame D Flame E Flame F 
      
Flame G Flame H Flame I Flame J Flame K Flame L 
      
Figure 4-8 Temperature contour 
Analysing Figure 4-10a-b reveals the effect of ܺுమ , ௔ܸ௩௚ , and ̇ݒுమ on the flame appearance. 
The effect of ܺுమ  is projected by analysing flame set I, II, and III solely. In every flame set, 
the longest and widest flame is pure H2 (flame D, H, and L) while the shortest and narrowest 
flame is the enrich N2 flames (flame A, E, and I). The average increasing rate of the flame 
length for flame set I, II, and III is 0.46, 0.51, 0.58 cm per an increment of ܺுమ  = 0.25 
respectively. On the other hand, flame width escalates at the rate of 0.160, 0.186, and 0.214 
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cm per increment of ܺுమ = 0.25 for flame set I, II, and III, respectively. The result illustrates 
that the flame with the higher ܺுమ  is longer and wider. Consequently, the flame with the 
higher ܺுమ  has a larger flame size as seen in Figure 4-10b. An average increasing rate of 
flame size per an increment of ܺுమ  = 0.25 for flame set I, II, and III is 2.84, 6.09, and 9.31 
cm3, respectively. 
 
Figure 4-9 Flame dimension 
The flames of the same fuel composition, formulated by different ௔ܸ௩௚ , are compared for 
identifying the impact of ௔ܸ௩௚ . The length and width of the flame are found to be strongly 
affected by ௔ܸ௩௚ . The flame formulated by the fuel stream with the higher ௔ܸ௩௚  is longer and 
wider. For an increment of ௔ܸ௩௚  = 0.25 ms-1, the flame length escalates 2.62, 2.56, 2.69, and 
2.81 cm for the enrich N2, equal H2/N2, enrich H2, and pure H2 flames, respectively. An 
increasing rate of flame width is 0.004, 0.051, 0.064, and 0.085 cm per increment of ௔ܸ௩௚  = 
0.25 ms-1 for enrich N2, equal H2/N2, enrich H2 and pure H2 in order. As a result, the flame 
size is larger for the flame formulated by the higher ௔ܸ௩௚ . An average increasing rate for the 
flame size of the enrich N2, equal H2/N2, enrich H2, and pure H2 flames are 1.7, 2.65, 3.64, 
and 4.95 cm3 per increment of ௔ܸ௩௚  = 0.25 ms-1, respectively. 
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Figure 4-10 (a) Flame length and maximum flame width, and (b) Flame size and volume flow rate of H2 
On the other hand, the effect of H2 content (̇ݒுమ) is less significant than  ܺுమ  and ௔ܸ௩௚ . The 
flame formulated by the lower ̇ݒுమin the fuel stream could be longer and wider than the 
flame formulated by the higher value. For example, the length of flame E which ̇ݒுమ = 7.95 
cm3s-1 is longer than flame C which ̇ݒுమ = 11.93 cm
3s-1 and flame D which ̇ݒுమ = 15.9 cm
3s-
1. Also, the width of flame C is wider than flame F which ̇ݒுమ = 15.9 cm
3s-1 and flame J 
which ̇ݒுమ = 23.85 cm
3s-1. Nevertheless, the relation between ̇ݒுమ and flame size is direct 
proportion; i.e. the flame supplied with the higher ̇ݒுమ has a larger flame size. As seen, the 
largest flame is flame L (14.6 cm3) which has the highest ̇ݒுమ  as 47.7 cm3s-1, and the smallest 
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flame is flame A (10.4 cm3), which has the lowest ̇ݒுమ (3.97 cm
3s-1) among all the formulated 
flames. 
 Flame temperature 
In Figure 4-8 (the temperature contour plot), the position of the maximum flame temperature 
on the flame front line is slightly above the outer region of the fuel exit tube. The position 
of the maximum temperature is plotted as solid circles on the flame front line, as seen in 
Figure 4-9. The effect of ܺுమ , ௔ܸ௩௚  and ̇ݒுమ on the position of the maximum temperature are 
in the same direction. The position is at a higher vertical distance from the fuel exit, and 
longer horizontal distance from the axis when the value of ܺுమ , ௔ܸ௩௚  and ̇ݒுమare higher. 
The flame temperature of all the simulated flames is presented and compared with their 
adiabatic flame temperature in Figure 4-11a. Except the enrich N2 flames, the flame 
temperature of all the other flames is lower than their adiabatic temperature. Flame L (pure 
H2 flame with ௔ܸ௩௚  = 0.75 ms-1) provides the highest flame temperature as 2319 K whereas 
the lowest flame temperature is computed from flame A (enrich N2 flame with ௔ܸ௩௚  = 0.25 
ms-1) as 1552 K. The difference between the adiabatic flame temperature and flame 
temperature is computed as ~36 K for the enrich N2 flame, ~68 K for the equal H2/N2 flame, 
~96 K for the enrich H2 flame, and ~91 K for the pure H2 flame. 
The effect of ܺுమ  on the flame temperature is pointed out in a similar direction for every 
flame set, i.e. the higher ܺுమ  leads to a higher flame temperature. The average increasing 
rate of flame temperature per increment of ܺுమ  = 0.25 for flame set I, II, and III is 231, 243, 
249 K, respectively. The role of ௔ܸ௩௚  is identified when the flames of fuel having the same 
fuel composition are compared. The higher value of this parameter causes a higher flame 
temperature. The flame temperature escalates 10, 34, 39, and 37 K in average for enrich N2 
flame, equal H2/N2 flame, enrich H2 flame, and pure H2 flame respectively when ௔ܸ௩௚  
escalates as 0.25 ms-1. The result projects the weak role of ̇ݒுమ in the flame temperature. 
There are several cases that the flame formulated by the fuel stream with a lower ̇ݒுమ have a 
higher maximum flame temperature than one generated by fuel stream having a higher value 
of ̇ݒுమ. For example, flame C (̇ݒுమ= 11.93 cm
3s-1) has a higher flame temperature than flame 
F with (̇ݒுమ= 15.9 cm
3s-1). 
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Figure 4-11 (a) Flame temperature, adiabatic flame temperature, and flow rate of H2 content; (b) Chemical 
heat release of all flames and flame size  
 Chemical heat release and heat flux generated by flames  
The total chemical heat release of the flame is computed by combining the heat released 
from the chemical reaction of every grid on the simulation domain. The comparison of the 
total chemical heat release of all flames is shown in Figure 4-11b. Among them, flame A 
(enrich N2 flame with ௔ܸ௩௚= 0.25 ms-1) generates the lowest total chemical heat release as 
48 W whereas the highest value (514 W) is obtained from flame L (pure H2 with ௔ܸ௩௚= 0.75 
ms-1). The analysis of flame chemical heat release establishes the relation between this 
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parameter and ܺுమ , ௔ܸ௩௚  and ̇ݒுమ. The higher value of these parameters causes the higher 
chemical heat released from flame. An average increasing rate of the chemical heat release 
is 56, 91, and 130 W per increment of ܺுమ  = 0.25 for flame set I, II, and III, respectively. 
The average increasing rate for every 0.25 ms-1 is 40, 75, 110, and 150 W for enrich N2, 
equal H2/N2, enrich H2, and pure H2 flames, respectively. The higher ̇ݒுమ in fuel stream also 
leads to the total higher chemical heat release from flame. In case that the compared flames 
have equal ̇ݒுమ, one with the higher ܺுమ  provides a higher total chemical heat release. For 
instance, flame G (enrich H2) generates a higher total chemical heat release (259 W) than 
flame J (249 W), which is equal H2/N2, though both the flames are formulated at an equal 
̇ݒுమ as 23.85 cm
3s-1.  
 
Figure 4-12 Heat flux profile on the outlet (left) boundary; (a) flames in flame set I, (b) flames in flame set II 
(c) flames in flame set III 
The heat flux on the outlet boundary (left boundary) represents the heat generated and 
transferred from flame. The profile of this parameter of all the studied flames is compared, 
as seen in Figure 4-12. It is found that the radiative heat flux dominates the value of the heat 
flux on this boundary. The profile pattern of all the simulated flames is similar. It increases 
to the peak value then reduces along with the escalation of the vertical distance. The effect 
of ܺுమ , ௔ܸ௩௚ , and ̇ݒுమ on the peak value are observed. The higher value of these parameters 
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leads to the higher peak value of the heat flux on the outlet boundary. However, the exception 
is found from the comparison between flame C and F. In such case, flame C (̇ݒுమ = 11.93 
cm3s-1) generates the higher heat flux profile and peak value than flame F (̇ݒுమ = 15.9 cm
3s-
1). Among all the studied flames, the flame generating the highest peak of heat flux is flame 
L (1528 W/m2) whereas one that produces the lowest value is flame A (11.42 W/m2). 
 Species distribution 
The distribution of species H2, N2, O2, and H2O along the axial and radial distance are 
studied. The axial plot of these species of all the H2/N2 flames at different ௔ܸ௩௚  is presented 
in Figure 4-13a-d while the radial plots of them at 9 mm above the fuel exit is shown in 
Figure 4-14a-d. H2, which is a primary fuel species, is consumed significantly after the fuel 
is injected into combustion. As seen, H2 concentration reduces dramatically at the higher 
axial distance. The chemical reactions related to H2 convert this reactant to other product 
species. It is also noticed that the profile of H2 approaches zero (fully consumed) slightly 
under the flame front. The position where the concentration of H2 approaches zero is strongly 
affected by ܺுమ  and ௔ܸ௩௚ . The higher position is obtained when the value of these parameters 
is higher. The similar direction of the result is seen on the radial plot, i.e. the concentration 
of H2 decreases along with the radial distance and becomes zero slightly before the flame 
front line. 
The species N2 is supplied to the combustion on both the fuel and oxidiser streams. The 
concentration of this species increases along with the axial and radial distances once it was 
injected into combustion. On the axis, Figure 4-13d, an increase in the concentration of N2 
is significant and tends to 0.79, which is equal to the concentration of N2 in the air stream. 
The different profile pattern is seen in the enrich H2 and equal H2/N2 flames. Concentration 
profile of N2 of these fuel increases to the peak value and decreases to 0.79. The peak value 
is approximately 0.81 for the equal H2/N2 (flame B, F, and J), and 0.91 for enrich H2 flame 
(flame C, G, and K). On the radial plot, the concentration of N2 rises significantly along with 
an increase of the radial distance and tends to approach 0.79. The profile of flames in the 
flame set I (flame A, B, and C) is slightly different. The profile of these flames escalates to 
the peak value 0.86, 0.83, and 0.82 for flame A, B, and C, respectively. The value then 
reduces to 0.79. It is noticed that the level selected for monitoring the radial profile is higher 
than the position of the maximum temperature of the flames in flame set I. Additionally, the 
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role of species N2 which is non-combustible species is confirmed from its axial and radial 
profiles. As seen, the concentration of this species increases and approaches the same 
concentration of N2 in the air outside the reaction zone (mole fraction = 0.79). In addition, 
the fluctuation of the N2 profile occurs when N2 supplied in the co-flow air and fuel streams 
are encountered.  
 
 
  
Figure 4-13 Species axial profiles of all the simulated flames (a) H2; (b) O2; (c) H2O; (d) N2 
The co-flow air stream supplies O2 into combustion, and this species is fully consumed at 
the area close to the flame front. Therefore, its axial and radial species profiles appear at the 
position close to and inside the flame front line, as shown in Figure 4-13c and Figure 4-14c. 
Hence, both ܺுమ  and ௔ܸ௩௚  play a significant role in the profile of O2. From the position where 
the concentration of O2 > 0, the profile of this species increases significantly until 0.21 of 
mole fraction, which is equal to the concentration of this species in the air stream. 
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In Figure 4-13b and Figure 4-14b, the profile of H2O concentration increases from zero to 
the peak value then reduces to zero again. The position of the peak value is close to and 
inside the flame front line. This position is obtained differently from different flames. For 
example, flame C (enrich H2) provides the highest peak value among all the simulated flames 
as 0.28 in terms of mole fraction on both the axial and radial plots. Conversely, the lowest 
peak value computed in flame A (enrich N2) is 0.13 and 0.15 from the axial and radial plots, 
respectively. This result, therefore, projects the role of H2 as a major reactant of H2O. As 
also seen, the flame of enrich H2 has a higher profile of H2O than the flame of equal H2/N2 
and enrich N2, respectively. 
 
 
  
Figure 4-14 Species radial profiles at 9 mm above fuel exit of all the simulated flames (a) H2; (b) O2; (c) 
H2O; (d) N2 
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 NOx emission 
 (a) 
 
(b) 
 
Figure 4-15 (a) Maximum concentration of NOx and maximum temperature; (b) NOx production rate and H2 
content 
The benefit of utilising GRI3 reaction mechanisms is the prediction of NOx emission 
formation based on the thermal and prompt NOx formation mechanisms [143]. In this work, 
the terms NOx refers to species NO and NO2. The maximum concentration and flame 
temperature are plotted together to project the relationship between these parameters in 
Figure 4-15a. The significant role of flame temperature on the concentration of NOx is 
observed; the flame that formulates a higher flame temperature also generates a higher 
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maximum NOx concentration. According to this, the higher value of either ܺுమ or ௔ܸ௩௚ , 
which causes a higher flame temperature also promotes the NOx concentration. The effect 
of these parameters is analysed in detail. The result shows that an average per increment of 
ܺுమ  = 0.25 for flame set I, II, and III is 72.67, 100.33, and 120.60 ppm, respectively. On the 
other hand, it is 11.98, 37.48, 107.03, and 236.32 ppm per increment of ௔ܸ௩௚  as 0.25 ms-1 for 
the enrich N2 flame, equal H2/N2 flame, enrich H2 flame, and pure H2 flame, respectively. 
Among all the simulated flames, Flame L has the highest maximum NOx concentration 
(295.35 ppm) while flame K has the lowest maximum concentration (11.13 ppm). 
As ܺுమ  and ௔ܸ௩௚  play a significant role in the concentration of NOx, the effect of both 
parameters on the production rate of NOx are studied in more detail. The calculation of NOx 
production rate is processed by integrating the summation of the production rates of NO and 
NO2 on all the grids around the domain and presented in Figure 4-15b. For flame set I, II, 
and III, an increment of ܺுమ  as 0.25 results in the average increasing rate of 2.99, 4.83, 6.28 
kg-m-3s-1, respectively. For the flame of the same fuel composition, the average increasing 
rate is 0.47, 2.17, 5.43, and 10.72 kg-m-3s-1 per ௔ܸ௩௚  as 0.25 ms-1 for the enrich N2, equal 
H2/N2, enrich H2, and pure H2 flames, respectively. In contrast, the analysis of H2 content 
(̇ݒுమ) on NOx concentration and production rate are not processed since the role of ̇ݒுమ on 
flame temperature is insignificant. 
4.4 Discussion 
The laminar co-flow diffusion flame of H2/N2 and H2 are simulated for identifying the impact 
of H2 content in fuel stream (̇ݒுమ) on the flame characteristics. The key finding is discussed 
as follows:  
The difference in the CFD result of Ref [2] and the one generated in this work are observed. 
The maximum difference in flame temperature and mole fraction of focused species (H2, N2, 
H2O, and O2) are ~150 K and 0.15, respectively. This finding could be explained by several 
factors. Firstly, the properties of related species (such as the dynamic viscosity, molecular 
diffusivity, thermal conductivity, and thermal diffusion) are defined by different methods. 
Secondly, the fluid interaction between the fuel tube and the co-flow air is considered for 
the newly generated CFD model. Lastly, the chemical reaction mechanism supplied into the 
finite rate chemical model of these two works are also different; e.g. hydrogen-oxygen sub-
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mechanism of GRI2.11 [144] containing nine species were utilised in Toro et al. [2] while a 
full GRI3.0 [111] reaction mechanism is utilised in this work. Consequently, the CFD newly 
formulated in this work provides a better prediction of the temperature and species profiles 
along with the axial and radial distances.  
In theory, the temperature change due to the combustion is dominated by the heat released 
from the chemical reaction. The direction of the CFD result obtained is hence expected since 
the fuel composition is the key factor. Increasing the concentration of H2 and reducing the 
concentration of N2 have a strong impact on an escalation of flame temperature since the 
chemical heat release is affected directly. The higher velocity encourages the chance of the 
collision between particles resulting in the greater diffusion rate and finally the higher flame 
temperature. H2 with a higher diffusive property than the other combustible species play a 
significant role in promoting this interaction resulting in a higher flame temperature. On the 
other hand, the higher velocity does not affect the chemical reaction and only the small 
increase in flame temperature is found. This finding also explains the weak impact of ̇ݒுమ 
on flame temperature. As seen, flame C (̇ݒுమ= 11.93 cm
3s-1, ܺுమ  = 0.75, and ௔ܸ௩௚  = 0.25 ms
-
1) has a higher ܺுమ  than flame F (̇ݒுమ= 15.9 cm
3s-1, ܺுమ  = 0.5, and ௔ܸ௩௚  = 0.5 ms
-1). This 
results in the higher flame temperature although flame C is supplied by the lower content of 
H2 (̇ݒுమ). 
According to the theory of flame length presented in equation (1) - (4), the higher velocity 
of fuel increases the volume flow rate of fuel (ܳ௙) while the higher dilution percentage of 
N2 reduces the stoichiometric ratio (ܵ). The higher value of  ܳ ௙  and ܵ  are expected to provide 
the longer flame length. The impact of H2 content (̇ݒுమ) in fuel composition is not considered 
in the theory; thus, the impact of this parameter on flame height is insignificant. As seen in 
section 4.3.1, the numerical result obtained from the CFD model follows this expectation. 
Furthermore, the flame length is calculated from the theory and compared with the CFD and 
experimental result. It is found that the formula introduced by Roper [93], [94] (equation 
(1)) provides the significantly lower flame length of H2 and H2/N2. For example, the length 
of flame E, F, G, and H are computed as 20, 22, 23, and 24 mm, respectively. These values 
are more than 2.5 times lower than the results computed from CFD and experimental result. 
This finding is anticipated since the flame length formula of Roper [93], [94] was developed 
based on the hydrocarbon fuels e.g. CH4 and C3H8 which have significantly lower mas 
diffusion coefficient but higher stoichiometric coefficient than H2. Therefore, the 
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modification of the flame length formula for the calculation of flame having H2 as a major 
combustible species is required.   
The role of H2 content (̇ݒுమ) in the fuel stream is pointed out throughout the study. This 
parameter plays a significant role in the flame size (volume of the flame), chemical heat 
release and heat flux. Thus, escalating ̇ݒுమ in the fuel stream leads to the higher heat 
generation from the diffusion flame. However, the effect of ̇ݒுమ on the other aspects of the 
flame characteristics (e.g. the flame dimension, flame temperature, and NOx formation) are 
unclear. These aspects of the flame characteristics are found to be dominated by the methods 
of increasing ̇ݒுమsuch as an escalation of either or both ܺுమ  and ௔ܸ௩௚ .  
As mentioned, the study emphasised the crucial roles of ܺுమ  and ௔ܸ௩௚  on the flame 
characteristics. It is further found that the higher value of ܺுమ  and ௔ܸ௩௚  enlarges the flame 
dimension (both length and width), flame size, flame temperature, chemical heat release, 
and NOx emission formation. Nevertheless, the level of effect of ܺுమ  and ௔ܸ௩௚  on flame 
characteristics are different. This difference could be projected from the comparison of the 
average increasing rate of these flame characteristics when the value of ܺ ுమ  and ܸ ௔௩௚  increase 
by 0.25 in the mole fraction and 0.25 ms-1 of velocity. The impact of ௔ܸ௩௚  is significantly 
stronger than ܺுమ  on the increase of the flame length, but weaker on the flame width 
extension. Regarding the flame size, both parameters (flame width and length) could 
compensate for the role of each other. In other words, the wider flame could have a larger 
flame size. As seen from Figure 4-10a for flame length and width and Figure 4-10b for flame 
size, there are many cases in which the flames have a longer flame length but the smaller 
flame size. For example, the length of flame E is longer than one of flame C and D, but its 
size is still smaller. The flame temperature is dominated by ܺுమ while the effect of ௔ܸ௩௚  on 
this parameter is considered weak. The heat released due to the chemical reaction is 
significantly affected by both ܺுమ  and ௔ܸ௩௚ . The analysis of the simulation results in details 
shows that the flame size and flame temperature, which are directly affected by ܺுమ  and 
௔ܸ௩௚ , could compensate each other and strongly affects the total chemical heat release rate 
from flame. Also, the effect of ܺுమ  on the increase of NOx formation rate is significantly 
stronger than the effect of ܸ ௔௩௚  since the formation of NOx depends on the flame temperature. 
The flame generating a higher heat generation capability is preferable. The heat released and 
transferred are analysed in this work along with the NOx emission. In most cases, the flame 
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with a higher flame temperature has a higher heat generation capability; thus, the higher NOx 
emission is an inevitable side effect. However, some flames formulate the lower NOx 
production rate but are capable of generating a higher chemical heat release. This finding 
reveals the method for decreasing NOx emission while maintaining the level of heat 
generation at the preferred level. This method is processed by reducing ܺுమ  while increasing 
௔ܸ௩௚ . The expected result is the diffusion flame having the lower flame temperature but 
larger size. Nevertheless, this technique could also result in an unstable diffusion flame or 
the transition from the laminar to turbulent flow regime of the fuel stream. 
The result obtained in this work extends the study of [78], in which the turbulent diffusion 
flame of H2/N2 was studied. The similar direction of the result in flame temperature and size 
are obtained for both laminar and turbulent co-flow diffusion flames; i.e. the flame 
temperature and width are affected strongly by ܺுమ .  
4.5 Conclusion 
The flames of H2 and H2/N2 are simulated with a variation in the concentration ratio of H2:N2, 
and the fuel and co-flow air velocity ( ௔ܸ௩௚). The role of H2 content defined by the volume 
flow rate of H2 (̇ݒுమ) supplied into combustion and the factors (ܺுమ  and ௔ܸ௩௚) controlling the 
H2 content (̇ݒுమ) in the fuel stream on various aspects of flame characteristics have been 
studied. The results show that the higher ̇ݒுమ, ܺுమ  and ௔ܸ௩௚  in the fuel stream leads to the 
larger flame size and higher heat generation. The flame temperature and flame width are 
dominated by ܺுమ  whereas the flame length is affected strongly by ௔ܸ௩௚ . The flame has a 
higher flame temperature, also formulates NOx at a higher rate. Thus, thermal NOx formation 
is found to be significant. The heat released due to the chemical reaction is affected by flame 
size and temperature, which could compensate for the role of each other. According to this, 
increasing the flame size by rising ௔ܸ௩௚  is an interesting option for escalating the heat 
generation from flame without a significant increase in NOx emission. 
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Chapter 5 Heat generation and emission from 
syngas/producer gas flames   
The study in this chapter focuses on the heat generation and emission from syngas/producer 
gas flames considering the effects of variations in the fuel composition of this fuel. The flame 
of syngas/producer gas, hydrogen (H2), and methane (CH4) are simulated by the CFD model 
generated in Chapter 4. Some modifications in the simulation domain are applied to support 
the flames size of all the studied fuel compositions. The predicted results are analysed to 
understand the role of each species in the syngas/producer gas composition, e.g. H2, CO, 
CH4, CO2 and N2. The heat generation capability and emission formation of the 
syngas/producer gas flame are assessed by comparing with those of the conventional fuels, 
such as H2 and CH4. In this study, the emission is perceived as a price to pay for a certain 
amount of heat. Lastly, the discussion and conclusion are provided. 
5.1 Introduction 
In several applications, the heat generated from flame is the source of energy. Due to the 
flexibility in the production process and feedstock, the syngas/producer gas composition 
contains not only H2 and CO but also Nitrogen (N2), steam (H2O), carbon dioxide (CO2) and 
methane (CH4) at different concentration ratio. This diversity in the fuel composition directly 
affects the flame characteristics. Thus, the flame of different fuel composition has different 
flame temperature, structure, dimension, and size. The heat generation and emission 
formation from the flame depend strongly on these aspects of flame characteristics. As a 
result, heat generation capability and emission formation also rely on fuel composition. 
Understanding this impact is significant and beneficial for (i) the design of a suitable 
combustion system specifically for syngas/producer gas, (ii) the replacement of the 
conventional gas fuel with this fuel on the same combustion system, and also (iii) the 
development in fuel composition of syngas/producer gas to have a higher concentration of 
the desirable species. 
The laminar co-flow diffusion flame of syngas/producer gas is studied in this chapter. The 
study of this flame could clearly project the difference in flame characteristics (e.g. 
temperature and dimension) of different fuel compositions. The CFD model generated and 
presented in Chapter 4 (medium mesh density with GRI 3.0 reaction mechanism) is able to 
model this flame type. The numerical methods selected in this CFD model can compute the 
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heat release rate from the chemical reaction during the combustion as well as the radiation 
of heat from the flame. Nevertheless, the domain (dimension of the burner) requires some 
modification to support the flame of various fuel especially the flame of fuel containing CH4 
which could be longer and wider than the H2/N2 flame studied in Chapter 4. 
The study investigates two major topics; heat generation and emission. The impact of fuel 
composition on the flame temperature and flame size is firstly examined since these 
parameters are found to affect the heat generation of the flame in the previous chapter. This 
also provides a basic understanding of flame behaviour of each fuel. The heat generation is 
then studied in two phases; the heat released from the chemical reaction and the heat flux 
radiated from flame. The finite rate chemical model and the supplied chemical reaction 
mechanism (GRI 3.0) provide the capability to compute the heat from each chemical 
reaction. The combination of the heat release from every grid on the simulation domain 
provides the total chemical heat release from the flame (Qtotal). The heat flux radiated from 
flame is predicted through the thermal radiation model explained in Chapter 3 and measured 
on the outlet boundary. Analysing both aspects leads to a detailed understanding of how fuel 
composition affects the heat generation of the flame. 
The emission formation due to the combustion reaction is inevitable in the heat generation 
process. This work interests the formation of species CO2 and NOx due to the combustion of 
syngas. The reaction pathway of both CO2 and NOx are explained through the GRI 3.0 
reaction mechanism. The analysis of emission is carried out according to the perception that 
it is a price to pay for a certain amount of heat. The simulation of flames of various fuel 
compositions and the comparison of their predicted results reveal the impact of each species 
in syngas/producer gas composition on the heat generation and emission formation.  
5.2 Flame modelling 
A total number of 15 co-flow diffusion flames with a variation in the fuel composition of 
H2, CO, CH4, CO2, and N2 are formulated. The details regarding the fuel compositions and 
their transport properties are presented in Table 5-1 while the transport property of these 
fuels is shown in  Table 5-2. The fuel composition investigated in this work could be 
categorised as follows:  
(i) Single species fuel, i.e. H2 and CH4. 
Chapter 5 - Heat generation and emission from syngas/producer gas flames 
 
85 
 
(ii) Syngas with a variation of H2:CO concentration ratio of 1:3, 1:1, and 3:1. 
(iii) Syngas (H2:CO = 1) mixed with either CH4, CO2, or N2. 
(iv) Biomass producer gas which is produced from bamboo, rubberwood, wood 
pellet, and rice husk presented in [25], [36]–[39]. 
Table 5-1 Composition of the studied fuel in the percentage of volume 
Flame H2  CO CH4 CO2 N2 
Total fuel 
% 
(H2, CO, 
and CH4) 
H2:CO 
Mass flow 
rate              
(x 10-5 kg-s-1) 
Volume flow 
rate (x 10-5 
m3-s-1) 
Lower heating 
value (MJ/kg) 
H2 100.0% - - - - 100.0% - 0.26 3.21 141.58 
CH4 - - 100.0% - - 100.0% - 2.10 3.21 55.51 
H2-rich 75.0% 25.0% - - - 100.0% 3 1.17 3.21 33.30 
EQ 50.0% 50.0% - - - 100.0% 1 1.97 3.21 18.86 
CO-rich 25.0% 75.0% - - - 100.0% 0.33 2.82 3.21 13.15 
EQ+10%CH4 45.0% 45.0% 10.0% - - 100.0% 1 1.98 3.21 22.74 
EQ+20%CH4 40.0% 40.0% 20.0% - - 100.0% 1 2.00 3.21 26.58 
EQ+10%CO2 45.0% 45.0% - 10.0% - 90.0% 1 2.35 3.21 14.22 
EQ+20%CO2 40.0% 40.0% - 20.0% - 80.0% 1 2.73 3.21 10.88 
EQ+10%N2 45.0% 45.0% - - 10.0% 90.0% 1 2.14 3.21 15.62 
EQ+20%N2 40.0% 40.0% - - 20.0% 80.0% 1 2.31 3.21 12.86 
Bamboo 19.7% 21.0% 1.5% 11.9% 45.9% 42.2% 0.94 3.43 3.21 5.22 
Rubberwood 17.6% 20.4% 1.4% 10.8% 49.8% 39.4% 0.86 3.27 3.21 4.80 
Wood pellets 21.7% 20.8% 2.2% 12.6% 42.7% 44.7% 1.04 3.17 3.21 5.79 
Rice husk 19.8% 22.6% 2.0% 13.1% 42.5% 44.4% 0.88 3.24 3.21 5.57 
The result of flames in category (i), H2 and CH4 flames, which are conventional is used as a 
reference in the analysis. The effect of having H2 and CH4 in the fuel composition can be 
identified by comparing the results of H2 and CH4 flames with those of syngas/producer gas. 
The analysis of syngas with the variation in the H2:CO concentration ratio in category (ii) 
expresses the role of H2:CO ratio as well as solely H2 and CO species. The ratio of H2:CO 
in this category is 1:3, 1:1, and 3:1, which are represented by CO-rich, EQ, and H2-rich, 
respectively. In category (iii), the effect of adding CH4, CO2, or N2 into the syngas 
composition is projected from the comparison. To prevent any confusion, the flames in this 
category are represented by EQ+n%CH4, EQ+n%CO, and EQ+n%N2; where n gives the 
number of concentration percentage. The flames of various biomass producer gases chosen 
from different sources e.g. Ref [25], [36]–[39] are in category (iv). The formulation of flame 
in this category projects the heat generation capability of the flame of practical producer gas 
comparing to the ideal syngas (category (ii)) and conventional fuel (category (i)). 
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Table 5-2 Properties of the studied fuel compositions 
Flame Density (kg-m-3) 
Dynamic viscosity 
(Pa-s) 
Specific heat 
(kJ-kg-1K-1) 
Thermal conductivity 
(W-m-1K-1) Air-fuel ratio 
H2 0.082 0.89E-5 14.31 0.191 2.38 
CH4 0.656 1.88E-5 2.23 0.030 9.52 
H2-rich 0.348 1.07E-5 3.39 0.111 2.38 
EQ 0.614 1.27E-5 1.93 0.076 2.38 
CO-rich 0.878 1.50E-5 1.35 0.050 2.38 
EQ+10%CH4 0.618 1.26E-5 1.96 0.072 3.09 
EQ+20%CH4 0.622 1.24E-5 1.99 0.068 3.80 
EQ+10%CO2 0.733 1.29E-5 1.66 0.069 2.14 
EQ+20%CO2 0.851 1.31E-5 1.47 0.062 1.90 
EQ+10%N2 0.667 1.31E-5 1.78 0.071 2.14 
EQ+20%N2 0.720 1.36E-5 1.65 0.066 1.90 
Bamboo 1.070 1.52E-5 1.22 0.044 1.11 
Rubberwood 1.020 1.55E-5 1.20 0.042 1.00 
Wood pellets 0.987 1.50E-5 1.25 0.045 1.22 
Rice husk 1.01 1.51E-5 1.38 0.043 1.20 
5.3 Modification of the CFD model 
The detail regarding the burner configuration, numerical methods, and numerical technique 
of the selected CFD model are presented in Chapters 3 and 4. The boundary condition and 
combustion condition (298 K and 101325 Pa) is the same as defined in the study of laminar 
diffusion flame of H2/N2 in Chapter 4. However, it is found during the study stage that the 
domain dimension, which is 4.75 cm in width and 20.8 cm in length, is not suitable for the 
flame of CH4. The length of the CH4 flame is significantly longer than the length of the 
simulation domain. Therefore, the modification is processed on the simulation domain 
dimension and mesh generation. The domain length is extended from 20.8 to 50.8 mm, and 
the mesh is regenerated according to the new domain dimension. The number of levels from 
the fuel exit to the top boundary increases from 100 to 250 levels while the other factors 
remain the same. This modification causes the generation of mesh with the smallest cell size 
of 1.25 E-4 and the total number of cells as 17,950 cells. The validation process of the 
modified CFD model is carried out based on the experimental work of Toro et al. [2]. The 
flame of H2/N2 with ௔ܸ௩௚  = 0.5 ms-1 is formulated and compared with the experimental result 
of this paper. The result is almost the same as the CFD model without the modification used 
in Chapter 4 (before modification). Thus, the reliability and accuracy of the results generated 
by both CFD models are comparable. Additionally, the modified model is capable of 
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simulating the flame of CH4, which is significantly longer than that of H2/N2 at  ௔ܸ௩௚  = 0.5 
ms-1. 
5.4 Results 
The analysis of the simulation results focuses on three major aspects, which are the heat 
generation, heat transfer and emission. These results are presented below:  
 Heat generation 
Characteristics of the flame are affected directly by the fuel composition of syngas/producer 
gas [78], [145]. The difference in flame temperature, dimension and chemical heat release 
rate are obtained from the flames of fuel containing different concentration ratio of species 
H2, CO, CH4, CO2 and N2. The heat generation capability of the flame depends directly on 
these aspects of flame characteristics. The study initially analyses the temperature contour 
plot of each flame, as presented in Figure 5-1. This set of contour plot illustrates the 
difference in temperature and dimension of different flames. The line representing the flame 
front is drawn to project the dimension, shape and the stoichiometric contour of the flame. 
The combustion reaction of fuel and oxidiser occurs at the stoichiometric condition on the 
flame front line. The line is plotted by the zero-temperature gradient method, as already 
discussed in the previous chapter. The grid with the highest temperature at each vertical and 
horizontal level is a position in which the combustion occurs at the stoichiometric condition. 
Connecting these grids forms the stoichiometric contour called ‘flame front’.  
The impact of fuel composition on flame temperature and size of all the simulated flames 
are identified by comparing the results of all the studied flames in Figure 5-2a-b. The 
maximum temperature on the contour plot is a flame temperature (T). The flame surface area 
(Af) is computed by integrating the flame front line around the domain axis. The size of the 
flame is compared based on this parameter, and it also represents the size of stoichiometric 
contour or reaction zone of the diffusion flame. The flame front line of all the studied flames 
are compared together in Figure 5-3a-b, and this comparison projects the difference in flame 
dimension.   
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Figure 5-1 Temperature contour of the studied flame 
The reaction pathway of each fuel composition is different due to their diversity in the fuel 
composition and subsequently results in the different amount of heat released from the 
related chemical reactions. The analysis of heat generation capability is processed in two 
layers in order to clearly express the property of fuel and flame. The first layer is the chemical 
heat release of fuel, where the parameter explaining this aspect is the maximum chemical 
heat release on the contour plot (Qmax). In other words, it is the highest possible chemical 
heat release property of the specific fuel composition. This parameter, therefore, provides 
the understanding of fuel combustion property which is typically computed and analysed 
based only on the concentration percentage of combustible species H2, CH4, and CO through 
parameters such as lower heating value (LHV) and higher heating value (HHV)). The second 
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layer of the analysis focuses on the total chemical heat released from the flame (Qtotal). This 
parameter is computed by combining the chemical heat release rate at every grid on the 
simulation domain. To simplify and prevent any confusion, the chemical heat release 
property of fuel is expressed by Qmax, whereas the total chemical heat release from the flame 
is expressed by Qtotal. The comparison of Qmax and Qtotal of all the simulated flames are 
presented in Figure 5-4a-b.  
 
 
Figure 5-2 (a) Flame temperature (T) and (b) flame surface area (Af) 
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(a) 
 
(b) 
 
Figure 5-3 Flame front line of (a) H2, CH4, and syngas, and (b) syngas mixed with CH4, CO2, and N2, and 
producer gas 
Considering the fuel in category (i), H2 gas fuel has a higher flame temperature and releases 
more heat from the chemical reaction than CH4. The values of T and Qmax observed from H2 
flame are 2297 K and 0.25 W respectively, while the ones that obtained from CH4 are 2016 
K and 0.22 W. On the other hand, it is found that the flame of CH4 has longer and wider 
dimension. The value of Af of the CH4 flame (8.35E-3 m2) is, therefore, higher than that of 
the H2 flame (1.35E-3 m2). The result of the larger flame size is the larger area that generates 
heat for the flame of CH4. Consequently, the CH4 flame provides a higher value of total 
chemical heat release or flame heat release (1058 W) than that of H2 flame (357 W). It could 
be noticed that the maximum chemical heat release (Qmax) of the CH4 flame is lower than 
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one of the H2 flame. This finding shows that the impact of flame size (Af) on Qtotal is stronger 
than the role of Qmax. In other words, the larger flame can provide a higher heat release than 
the smaller flame although the fuel of the larger one releases less heat from the chemical 
reaction. Further, the results of the single-species fuel in this category could be used as a 
guideline in the analysis of flames in the other categories. 
The study of the flames in category (ii) reveals the effect of H2:CO. The result of the flames 
in this category is supported by the result of H2 flame (category (i)). For instance, the results 
show that the combustion of syngas with a higher concentration ratio of H2:CO releases heat 
at a higher rate (i.e. higher Qmax). The same condition of H2:CO also leads to the higher value 
of T.  The flame having the highest values of T and Qmax in category (ii) is H2-rich syngas 
(2228 K and 0.22) followed by EQ (2169 K and 0.19 W) and CO-rich syngas (2109 K and 
0.15 W). In terms of the flame dimension, the shorter but wider flame is observed from 
syngas with the higher H2:CO. The comparison of flame size between the flames in this 
category based only on the flame length is not suitable since the wider flame could have a 
larger size than the longer flame. Thus, the analysis of flame size is processed based on the 
value of Af. The larger one is found from CO-rich syngas (1.55E-3 m2) followed by EQ 
(1.47E-3 m2) and H2-rich syngas (1.39E-3 m2). This result refers to the role of CO in an 
increase of flame size since the larger flame of fuel having a lower H2:CO is observed. The 
larger flame size of syngas with a lower H2:CO compensates its lower Qmax and generates 
the higher flame total heat release (higher Qtotal). The highest Qtotal is predicted from the CO-
rich syngas (363 W) followed by EQ (355 W) and H2-rich syngas (350 W), respectively. 
The fuel composition of EQ syngas is added by either CH4, CO2, or N2 at 10% and 20% in 
category (iii). The result of CH4 flame analysed previously is used as a reference for the 
analysis of flames in this category. The comparison between CH4 and EQ syngas shows that 
CH4 flame has a lower T but higher Af, Qmax, and Qtotal. The same direction of the result is 
found when EQ syngas is mixed with CH4. As seen, the flame temperature of EQ+20%CH4 
(2108 K) is lower than EQ+10%CH4 (2130 K) and EQ syngas. On the other hand, the flame 
size (Af) of EQ+20%CH4 (2.64E-3 m2) is larger than EQ+10%CH4 (2.04E-3 m2) and EQ 
syngas. The addition of CH4 at 20% slightly rises the value of Qmax (0.195 W) comparing to 
one of EQ syngas. Due to an increase of Af and Qmax, the addition of CH4 to EQ syngas 
consequently leads to a higher value of Qtotal. One of EQ+20%CH4 is 495 W whereas one of 
EQ+10%CH4 is 425 W.  
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Figure 5-4 (a) Maximum chemical heat release (Qmax) of each fuel composition and (b) Flame chemical heat 
release (Qtotal) 
Furthermore, the addition of CO2 and N2 to syngas/producer gas causes the reduction of the 
total concentration of combustible species in the composition. The lower value of T, Af, Qmax, 
and Qtotal are hence the result of this action. This result is observed from the flames in 
category (iii) where 10% and 20% of either CO2 or N2 is added to EQ syngas. The addition 
of 10% of CO2 decreases the value of T and Af to 2090 K and 1.41E-3 m2, respectively. The 
same action but altering the additional species to N2 reduces the value of T and Af to 2124 K 
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and 1.36E-3 m2 in order. The higher percentage of addition decreases the value of these 
parameters further. The flame temperature and size of EQ+20%CO2 are 2001 K and 1.35E-
3 m2 while ones of EQ+20%N2 are 2070 K and 1.25E-3 m2. The effect of CO2 is stronger 
than N2 on the decrease of flame temperature. However, the opposite direction of the result 
is obtained from their impact on the reduction of flame size.  
It could be seen that not only the fuel species (H2, CO and CH4) but also the diluted species 
(CO2 and N2) affect the characteristics of the flame. For the chemical heat release property 
of fuel (Qmax), having either CO2 or N2 in fuel composition of EQ syngas lowers the value 
of Qmax. As a result of the lower Qmax and Af, the flame of EQ syngas mixed with CO2 or N2 
generated the lower Qtotal than EQ syngas without these species. The result also shows that 
the impact is stronger when the additional percentage is higher. Moreover, the level of the 
effect of both species is comparable since the value of Qmax and Qtotal of EQ syngas mixed 
with CO2 is almost equal to one mixed with N2 at the same additional percentage. At 10%, 
Qmax of EQ+10%CO2 and EQ+10%N2 are similar as 0.17 W while Qtotal of these fuels are 
319 W. The values of them are lower at 20% of additional percentage. Qmax and Qtotal of 
~0.16 W and ~283 W are predicted from EQ+20%CO2 and EQ+20%N2 respectively. 
The results of the flames in category (ii) and (iii) are utilised for explaining the characteristics 
and heat generation of the flames of producer gases in category (iv). The producer gas 
produced from wood pellets (1746 K) formulates the flame having the highest flame 
temperature in this category. This fuel contains the highest total percentage of fuel species 
(44.4%) with the highest H2:CO ratio (1.04). Conversely, the flame of rubberwood producer 
gas has the lowest value of both H2:CO ratio (0.86) and total combustible species percentage 
(39.4%). The flame of this fuel, therefore, has the lowest flame temperature (1674 K) 
amongst all the flames in this category. The flame size of all the flames in this category are 
comparable and between 9.5E-4 and 1.0E-3 m2. Regarding the chemical heat release, the 
role of total fuel species concentration percentage is confirmed since the combustion reaction 
of wood pellets gas releases heat at the highest rate as Qmax = 0.11 W. The flame of this fuel 
also generates the highest heat as 174 W of Qtotal. In opposite, the lowest Qmax and Qtotal are 
predicted from the producer gas of rubberwood respectively as 0.099 W and 150 W. 
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 Heat transfer 
The selected thermal radiation model is capable of computing the heat radiated through a 
participating medium considering the high-temperature combustion product gases, such as 
H2O and CO2. These species play a crucial role in the emission and absorption of heat created 
by the flame. The composition and concentration of the combustion product depend directly 
on the reactant, such as the fuel composition of syngas/producer gas. Thus, the diversity in 
fuel composition directly affects the heat transfer capability of the flame. The heat flux 
profile on the left outlet boundary of the simulation domain (left-hand boundary in Figure 
4-1) of all the studied flames is plotted and compared, as seen in Figure 5-5. The impact of 
each species is identified by analysing these data. It could be seen from the comparison of 
flames in category (i) that the profile of CH4 is outstanding from the other fuels. The value 
of heat flux begins at 554 W-m-2 at zero vertical distance then increases dramatically to the 
peak value 1781 W-m-2 at 0.17 m. Then, the heat flux decreases significantly until passing 
the top boundary of the domain. The different pattern of the profile is observed from the heat 
flux profile of H2 flame since the heat flux profile of this fuel has two peaks. The heat flux 
generated by H2 flame is 672 W-m-2 at zero vertical distance, and it increases to the first 
peak value (948 W-m-2) at 0.02 m. Above this vertical level, the profile decreases and 
increases again to the second peak (960 W-m-2) at 0.05 m where the downtrend of the profile 
begins.  
It is noticed that the profile pattern of the heat flux on the measured boundary depends 
strongly on the fuel species. Also, the position of the highest peak (the second peak for H2 
flame) relies on the flame length. The profile pattern of heat flux is affected by H2 as seen 
from the comparison of flames in category (ii). The heat flux profile of the H2-rich flame has 
a similar pattern as H2 flame; their profiles have two peaks. Nevertheless, the heat flux 
profile of H2-rich syngas has the lower first peak (895 W-m-2 at 0.015 m) than the second 
peak (1018 W-m-2 at 0.055 m). The first peak of the profile is affected by the concentration 
percentage of H2 in fuel composition. As seen, the lower percentage of H2 results in the 
lower peak value. Also, the profile of EQ syngas has the lower first peak value than H2-rich, 
whereas the first peak of the heat flux profile of CO-rich syngas is disappeared. The second 
peak of the heat flux profile of flames in this category is thus the maximum heat flux of each 
flame. This maximum value is found to be related to the concentration of CO. Syngas having 
a higher CO concentration percentage formulates the flame that radiates the heat flux with 
the higher maximum value. The effect of flame length on the position of the maximum heat 
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flux (the second peak) is confirmed. The flame with the longer flame length has a higher 
vertical level of this position. Among the flames in category (ii), the flame of CO-rich syngas 
has the highest maximum heat flux (1518 W-m-2 at 0.065 m) followed by EQ syngas (1309 
W-m-2 at 0.058 m) and H2-rich syngas. 
(a) 
 
(b) 
 
Figure 5-5 Heat flux profile on the outlet boundary (a) H2, CH4, and syngas (b) syngas mixed with CH4, CO2, 
and N2 and producer gas of different feedstocks 
The heat flux profile of flames in category (iii) is similar to EQ syngas (category (ii)) since 
their H2:CO = 1. In details, the first peak is unclear as the concentration of H2 and CO is 40-
45%. The heat flux profiles of EQ+20%CH4 and EQ+10%CH4 are in the same direction as 
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the CH4 flame. The maximum heat flux of these flames is significantly affected by the 
concentration percentage of CH4, and the higher percentage causes a higher maximum heat 
flux value. The flame of EQ+20%CH4 has a higher maximum heat flux (1503 W-m-2 at 0.085 
m) than EQ+10%CH4 (1404 W-m-2 at 0.07 m). Furthermore, the result could be used for 
comparing the level of effect of CO and CH4 on the increase of maximum heat flux. The 
higher percentage of both species increase the maximum heat flux, and CH4 is stronger than 
CO. 
The heat flux profile of EQ syngas is utilised as a reference for studying the role of CO2 and 
N2. The lower maximum heat flux is obtained when EQ syngas is mixed with either CO2 or 
N2. This result could be explained by the lower total percentage of combustible species in 
fuel composition. The pattern of the profile is in the same direction for EQ syngas and EQ 
syngas mixed with either CO2 or N2 since the H2:CO ratio of them are equally as 1. The level 
of the effect on the decrease of maximum heat flux is found to be stronger for EQ syngas 
mixed with N2. At 10 % of additional percentage, EQ+10%CO2 (1245 W-m-2 at 0.0593 m) 
is higher than EQ+10%N2 (1125 W-m-2 at 0.0579 m). The maximum heat flux reduces 
further at 20 % of the additional percentage. As seen, EQ+20%CO2 (1155 W-m-2 at 0.0603 
m) is higher than EQ+20%N2 (936 W-m-2 at 0.0568 m). The role of CO2 on the thermal 
radiation could be used for explaining this finding. This species is considered to dominate 
the cloud emission and absorption of heat radiation in the selected thermal radiation model 
(WSGG model). It is also found that CO2 decreases the flame temperature but encourages 
the heat radiation of the flame when both aspects are considered together.   
Similar to categories (ii) and (iii), the flame length strongly affects the position of the 
maximum heat flux; the higher position is observed from the longer flame. The simulation 
result of flames in category (iv) confirms the finding of the analysis of flames in the previous 
categories. The profile pattern of heat flux of them depends on the fuel composition as well 
as the flame length. The fuel composition of flames in this category contains a lower 
concentration percentage of CO (20.4 – 22.6%) and CH4 (1.4 - 2.2%) compared to the fuel 
of the other categories. Therefore, the first and the second peak of the profile are clearly 
seen. In the previous section, the length of flames in this category was also found to be 
comparable. The position of the maximum heat flux (the second peak of the profile) of 
flames in this category is, thus, similar as ~0.057 m. The H2:CO ratio of these fuels is close 
to 1, and the flame of fuel containing the higher total percentage of fuel species has a higher 
maximum heat flux profile. Furthermore, the higher peak value is found from the flame of 
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fuel having a higher percentage of CO and CH4 when the total percentage of fuel species of 
them is similar. Among them, the producer gas of rice husk has the highest maximum heat 
flux (492 W-m-2) followed by wood pellets (480 W-m-2), bamboo (430 W-m-2), and 
rubberwood (384 W-m-2).  
 
Figure 5-6 Average heat flux on a measured boundary 
The study of heat flux profile provides the guideline for effectively utilising these flames as 
a source of energy since the heat at each vertical distance from the co-flow air exit is 
illustrated. Nevertheless, the complex pattern of heat flux profile could cause the difficulty 
in the comparison of heat flux of different flames. The average heat flux (Q´) is introduced 
to address this issue. This parameter is calculated from the heat flux profile and the area of 
the measured boundary. The average heat flux (Q´) is computed for all the studied flames 
and compared in Figure 5-6. This comparison projects a different level of heat flux 
generation capability. The outstanding one could be seen from Q´ of CH4 flame (1293 W-
m-2) which is the highest value among the studied flames. Within the same category, the 
impact of each species on Q´ is the same as their impact on the maximum value of the heat 
flux profile. The comparison of Q´ could also be processed across different flame categories. 
The interesting result is obtained since the flame of fuel with the lower total concentration 
percentage of combustible species (80-90%) generates the higher Q´ than ones having 100% 
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EQ+10%N2 (360 W-m-2), EQ+10%CO2 (403 W-m-2), EQ+20%N2 (290 W-m-2), and 
EQ+20%CO2 (364 W-m-2) are higher than Q´ generated by H2 (222 W-m-2) and H2-rich 
syngas (280 W-m-2). The role of carbon fuel species (CO and CH4) and CO2 on the heat flux 
generation and heat transfer of flame are emphasised. As seen, the flame of H2 and H2-rich 
cannot provide a higher heat flux even though their total heat release from the chemical 
reaction (Qtotal) is higher due to an absent and a lower concentration of CO. 
 Emission formation of CO2 and NOx   
Emissions, CO2 and NOx, are the unpreferable products of combustion. The perception of 
them in this study is a price to pay for a certain amount of heat generation. Therefore, the 
study focuses on the total production rate of them per a certain amount of heat generated 
from the flame. The total production rate of CO2 and NOx are computed firstly by combining 
the production rate of them on every grid of the simulation domain. The definition of NOx 
in this study refers to NO and NO2. The average heat flux (Q´) presented in the previous 
section is considered as the heat generated and transferred by flame. The total production 
rate of each emission species (CO2 or NOx) is therefore divided by Q´ for the production rate 
of them per heat generated and transferred by flame. In other words, the result of this method 
is the emission formation that must be paid for 1 W-m-2 of generated heat flux. The 
comparison of CO2 and NOx production rate of each flame are presented in Figure 5-7a and 
Figure 5-8a, respectively. The price to be paid or the rate of CO2 and NOx produced for 1 
W-m-2 of Q´are shown in Figure 5-7b and Figure 5-8b, respectively.   
Without considering the heat generation from the flame (Figure 5-7a), the flame of CH4 
formulates the NOx emission at a higher rate than syngas mixed with CO2 and the producer 
gas of bamboo, rubberwood, wood pellets, and rice husk. this is the result of a higher flame 
temperature of CH4. Based only this information, CH4 flame might not be preferable in case 
that the emission formation of NOx is concerned. When the heat generation is considered 
(Figure 5-7b), the result expresses that the price to be paid or NOx production rate for 1 W-
m-2 is lower than all the studied fuel composition. CH4 significantly promotes a higher heat 
generation capability of flame; thus, a lower NOx is formulated at the same amount of heat 
generated. For CO2 emission, the flame of CH4, which is hydrocarbon fuel, produces the 
CO2 emission at a lower rate than most fuel composition except the flame of H2, H2-rich, 
and EQ+20%CO2. The significantly higher heat generation capability of this fuel, again, 
causes its flame produces lower CO2 production rate for 1 W-m-2. Having CH4 in fuel 
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composition, hence, benefit not only the higher heat generation capability but also the lower 
emission formation as seen from the lower NOx and CO2 emission produced for 1 W-m-2 of 
EQ+20%CH4 than EQ+10%CH4 and EQ syngas in Figure 5-7b and Figure 5-8b.        
 
 
Figure 5-7 (a) Total NOx production rate from each flame, and (b) The rate of NOx produced for 1 W-m-2 of 
heat flux 
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Figure 5-8 (a) Total CO2 production rate from each flame, and (b) The rate of CO2 produced for 1 W-m-2 of 
heat flux 
In Figure 5-7a and Figure 5-8a, the role of H2 on higher flame temperature leads to the higher 
production rate of NOx. It is also noticed that the higher concentration of CO in fuel 
composition encourages the higher production rate of NOx. The benefit of having H2 in fuel 
composition is illustrated on CO2 emission since there is no CO2 related in the reaction 
pathway of H2. In turn, CO plays a significant role in an increase of CO2 emission, and this 
impact is also stronger than the impact of CH4 on the same aspect. When the heat generation 
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capability of the flame is considered with the emission (Figure 5-7b and Figure 5-8b), NOx 
is formulated at a higher rate for 1 W-m-2 of heat flux from the flame of fuel with higher 
H2:CO concentration. This due to the lower heat generation capability of this fuel compared 
to the flame of fuel with the lower H2:CO. The opposite direction is observed for the CO2 
produced for 1 W-m-2 of heat flux. 
As seen in Figure 5-7a and Figure 5-8a, the lower CO2 and NOx production rate is computed 
from EQ syngas consisting of N2 in fuel composition (EQ syngas mixed with N2) comparing 
to EQ syngas without additional species. This finding is the result of having a lower 
concentration percentage of combustible species (H2, CO, and CH4) in fuel composition. 
However,  the average heat generated from EQ+10%N2 and EQ+20%N2 is also lower than 
EQ syngas according to the same reason. The results obtained from the CO2 and NOx 
production rate per 1 W-m-2 of heat flux generated are different as shown in Figure 5-7b and 
Figure 5-8b. Firstly, the lower NOx is produced for 1 W-m-2 of heat flux at the higher dilution 
percentage of N2. Secondly, the higher dilution percentage of N2 in syngas leads to a higher 
CO2 emission rate per 1 W-m-2 of heat flux generated.  
On the other hand, adding CO2 into fuel composition of EQ syngas assists the thermal 
radiation of flame, as mentioned in the previous section. In Figure 5-7a and Figure 5-8a, the 
role of CO2 in the reduction of flame temperature results in the lower NOx production rate. 
The higher concentration of CO2 as a reactant supplied into the combustion reduces the CO2 
as a product of the combustion. Combining the results mentioned above, the higher 
concentration ratio of CO2 in the syngas is beneficial for the reduction of CO2 and NOx 
emission since the lower production rates of them are obtained when 1 W-m-2 of heat flux is 
generated.     
Lastly, the significantly lower flame temperature and Q´ is predicted from the flames of 
producer gas in category (iv). The major cause of this finding is the meaningfully lower total 
concentration of combustible species than flames in the other categories. The lower 
concentration percentage of CO and CH4 also leads to the lower total production rate of CO2 
than the fuel in the other categories as seen in Figure 5-8a. The flames in category (iv) have 
a similar concentration percentage of CO and CH4, and this leads to a comparable level of 
the total production rate of CO2. For NOx production rate, the lower flame temperature of 
producer gas in category (iv) provides the lower total NOx production rate as shown in Figure 
5-7a. Within category (iv), the higher NOx production rate is found from the flame having a 
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higher flame temperature. When the heat generation is considered along with the emission,  
the higher CO2 and NOx production rate per 1 W-m-2 of heat flux than the flame in the other 
categories is observed as presented in Figure 5-7b and Figure 5-8b. The flame of wood 
pellets producer gas provides the lowest CO2 production rate per 1 W-m-2 of generated heat 
flux while the opposite direction is obtained from the flame of rubberwood producer gas. 
5.5 Discussion 
The heat generation and emission of syngas/producer gas affected by the diversity in fuel 
composition of syngas are presented above. The analysis and discussion of the key finding 
are presented as follow: 
The flame temperature is found to have a minor role in the heat generation capability since 
the flame having a higher temperature cannot provide a higher heat than the lower one. In 
opposite, flame dimension, surface area (Af) and chemical heat release of fuel (Qmax) are 
pointed out as the key parameters affecting the total chemical heat release of the flame (Qtotal) 
and the average heat flux (Q´) generated from flame. The analysis is processed further to 
find the relation between flame temperature and Qmax. It could be seen that the higher value 
of Qmax is computed from the flame with a higher flame temperature. Nevertheless, this 
condition is valid for only the comparison of flames within the same category. The fuel 
composition in each category is defined to project the effect of species H2, CO, CH4, CO2, 
and N2. The impact of these species on Qmax is hence in the same direction as their impact 
on flame temperature. However, this cannot imply that the higher flame temperature 
accordingly could generate higher Qmax. As seen, the flame of CO-rich syngas has a higher 
flame temperature than EQ-syngas+20%CO2; however, the lower value of Qmax of CO-rich 
syngas is obtained.  
The dimension of the flame plays a key role in the generation and transfer of heat. Firstly, 
the larger surface area (Af) is computed from the flame having the longer and wider 
dimension and is capable of compensating for a lower chemical heat release of fuel (Qmax). 
The flame with the larger Af thus could generate the higher Qtotal. Secondly, the longer flame 
creates a larger area on the boundary that the heat flux is radiated by flame at a higher rate. 
This result consequently leads to a higher average heat flux (Q´) produced from a longer 
flame. Due to this, the development of the heat generation and heat transfer of flame could 
be done by extending the width and length of the flame. There are two options for this 
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method which are (i) developing fuel composition to have a higher concentration of species 
that provides the larger flame size, and (ii) increasing the fuel rate supplied into combustion. 
However, the latter method would raise the opportunity that the flame could become unstable 
and transforms the flow regime of the fuel stream from laminar to turbulent. 
The impact of each species also provides the guideline for the improvement of 
syngas/producer gas composition. According to the result, the role of fuel species H2, CO, 
and CH4 on the generation and transfer of heat is obtained at a different level. 
Syngas/producer gas, which contains these species at different concentration percentage, has 
a different level of capability to generate and transfer heat. Utilising the same method as one 
applied for the study of emission would allow the estimation of fuel consumption in the form 
of fuel rate required for 1 W-m-2 of generated heat flux. The fuel rate is firstly converted 
from the velocity of fuel stream then calculated per amount of average generated heat flux 
(Q´). In this case, the velocity of fuel is equal to 0.5 ms-1 for all the studied flames and 
consumption per generated heat flux could be defined from the indirect proportion to the 
value of Q´. Thus, the fuel that provides the lower Q´ has a higher fuel consumption per a 
certain amount of generated heat. Due to this analysis, the most desirable species is CH4 
since the higher concentration of this species provides the higher heat but lower emission 
rate and consumption than the other species. CO is preferable than H2 in case that heat 
generation and fuel consumption is prioritised. Increasing the concentrating percentage of 
CO in fuel composition escalates the heat generation; nevertheless, the side effect of this 
method is the higher CO2 emission production rate per generated heat. 
The emission production rate of CO2 could be reduced by increasing the higher concentration 
percentage of H2. The cost of this action is the higher fuel consumption and NOx emission 
production rate. The benefit of having CO2 in fuel composition is revealed since it 
surprisingly assists the generation and transfer of heat as seen from the analysis of Q´. Also, 
the addition of CO2 to fuel composition (as a reactant) reduces the production rate of itself 
as a combustion product. The optimisation of proper CO2 concentration in fuel composition 
is necessary. The excessive addition of this non-combustible species would reduce the level 
of heat generation capability since the total concentration of fuel species is lower. 
In theory, the length of laminar diffusion flame relies on several factors as presented in 
equation (1) - (4). Based on the combustion condition in this work, the flame length is 
calculated through these equations. The significantly shorter flame length than the CFD 
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result is obtained from the theory. For instance, the length of CH4, H2-rich, EQ, and CO-rich 
calculated from the theory are 335, 30, 40, and 57 mm, respectively. This direction of the 
result is already discussed in Chapter 4. Further, the flame length formula provides a similar 
result compared to the CFD result when the fuel has a higher stoichiometric ratio and lower 
diffusion coefficient. This finding confirms that the formula, which was designed for 
hydrocarbon fuel, is not suitable for syngas/producer gas, and the modification is required 
for this purpose. However, the relationship between parameters in this formula could be used 
for roughly estimating the flame length. For example, the lower mass diffusivity and 
stoichiometric ratio of fuel will cause a lower flame length.      
Lastly, the impact of each species in syngas/producer gas composition on the flame 
temperature is found to have the same trend as the direction of the result reported in [74], 
[76], [80]. The concentration percentage of H2 in fuel composition has a stronger effect than 
CO on the escalation of flame temperature. On the other hand, the role of H2 and CO on the 
increase of flame temperature is comparable, and the impact of H2:CO seems to be minor on 
this aspect according to the study of [78]. The difference in flow regime of fuel stream could 
be used for explaining the different aspects of the result. The laminar flow regime is focused 
in this work while the turbulent one is studied in [78]. Additionally, the result of the analysis 
of flame dimension and NOx emission has the same trend as reported in [80], [81]. 
5.6 Conclusion 
The CFD model is formulated for investigating the heat generation and emission of 
conventional fuel, and syngas/producer gas. The combustion is computed by the finite rate 
chemical model where the GRI3 chemical reaction mechanism is supplied for the reaction 
pathway. The key conclusions are presented in the bullet points as follow: 
- Flame temperature is not the only factor controlling the total heat generation 
capability (Qtotal) and heat flux (Q´) of the diffusion flame. The factors such as the 
fuel combustion heat release (Qmax) and flame dimension are also significant. Both 
parameters play a crucial role and have the ability to compensate for the role of each 
other. For example, the fuel having the lower value of Qmax could formulate the 
flame generating the higher value of Qtotal and Q´ if the flame has a larger dimension 
or size. 
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- Among the combustible species in fuel composition of syngas/producer gas, CH4 is 
the most desirable species since the addition of this species increases the heat 
generation but reduces the fuel consumption and emission formation rate per 
generated heat. The second desirable species is CO; however, this consideration is 
based on the higher heat generation and lower fuel consumption. The side effect of 
adding CO is a significantly higher production rate of CO2 per generated heat. 
Lastly, an increasing percentage of H2 in fuel composition could decrease CO2 
emission dramatically; nevertheless, the fuel will provide less heat generation and 
higher fuel consumption.   
- CO2 is found to play a significant role in the radiation of heat and the reduction of 
emission.  
Overall, it is found that the heat generated from CH4 flame is significantly higher than the 
one generated from syngas/producer gas. Two methods are suggested for improving heat 
generation. The first one is the development of syngas/producer gas composition to release 
and transfer heat at a higher rate. Increasing the fuel rate for the larger flame dimension and 
surface area is the second option. However, this option might increase the possibility that 
the flame will be unstable and also the transition of the laminar flow regime of the fuel 
stream to the turbulent one. 
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Chapter 6 An occurrence of the instability of 
syngas/producer gas flames 
Combustion instability is one of the significant issues having a detrimental effect on the heat 
generation of flame. Williams [146] classified the combustion instability into three 
categories. The chamber instability refers to the combustion instability occur due to the 
chamber e.g. shock instability, fluid dynamics instability due to the chamber. The intrinsic 
instability is the combustion instability that arises whether inside or outside the chamber. 
The example of this type of instability is chemical kinetic instability and diffusive thermal 
instability. Lastly, the system instability is defined as the combustion instability caused by 
the interaction between combustion processes and the other parts of the system. This type of 
instability is, for example, feed-system interactions, exhaust-system interactions.  
In this work, the intrinsic instability found in the laminar diffusion flame called ‘flame 
oscillation’ is focused. The phenomenon occurs due to the buoyancy force which causes the 
flame front regularly oscillates at the low frequency (10 – 20 Hz). According to ref [97]–
[101], the result obtained from the numerical study shown that the shear layer of burnt gas 
had an inflexional profile of velocity resulting in the Kelvin-Helmholtz type of instability. 
The details and the onset condition of this phenomenon were presented in Chapter 2. An 
occurrence of the flame oscillation in syngas laminar co-flow diffusion flame is focused in 
this chapter. The phenomenon is created by increasing the fuel rate without the supply of co-
flow air to the combustion. This results in an increase of the velocity difference at the shear 
layer (between burnt gas and ambient air). The stable flame at the low fuel rate will then 
transform to the unstable oscillating flame e.g. flickering and tip-cutting flame. The stable 
and unstable flames of syngas/producer gas with various fuel compositions are formulated 
in this work to project their impact on the transition from the stable to an unstable oscillating 
flame. The results obtained from the different fuel compositions are compared, resulting in 
the impact of each species in syngas composition. Finally, this result is discussed, and the 
conclusion is given.  
6.1 Introduction 
The instability of co-flow laminar diffusion flame in sense of K-H instability occurs when 
the fuel is injected into the combustion without a sufficient amount of oxidiser stream 
supplied. The velocity difference at the shear layer between the burnt gas and the co-flow or 
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ambient air leads to an occurrence of vortices and flame oscillation. Two types of oscillation 
are observed from the laminar diffusion co-flow flame, e.g. flickering and tip-cutting flames 
[3], [88]. For the flickering flame, the flame extends and reduces in the upward and 
downward directions. The movement of the tip-cutting flame is slightly different from the 
flickering flame. The flame extends upward causing an increase of the flame length until the 
flame stability cannot be maintained. The top part of the flame consequently lifts upward 
and results in a cut at the top part of the flame body. The movement of both flickering and 
tip-cutting flames occurs regularly, and one cycle of movement is called ‘a limit cycle of 
oscillation’. 
 
Figure 6-1 The explanation of the flame type and related parameters 
The result of Chapter 5 expressed the significant role of flame length on the heat generation 
capability of the stable laminar diffusion syngas/producer gas flame. The change of flame 
length during the limit cycle of oscillation and its impact on heat generation are hence 
focused in this work. Several parameters are utilised for investigating the movement and 
behaviour of flickering and tip-cutting flames as presented in Figure 6-1. Flame length (Hf) 
is constant for a stable flame; however, the value of this parameter of the unstable flame 
changes during the limit cycle of oscillation. The average flame length (Hf-ave) is hence 
utilised rather than only Hf in the analysis. The value of Hf is equal to Hf-ave for the stable 
flame. The value of Hf-ave of an unstable flame is calculated from the maximum and minimum 
flame length as (Hf-min + Hf-max)/2. The magnitude of oscillation (Lf) is defined as the 
difference between the maximum, and the minimum flame length (Hf-max - Hf-min) whereas 
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the oscillation wavelength (λ) is the difference between Hf-max and tip-cutting position. The 
value of Lf, and λ represent the range of movement, and the higher value refers to the higher 
level. Also, Lf, and λ could be used for identifying the type of the oscillating flame. The 
flickering flame has Lf > 0 and λ = 0 while the value of both Lf and λ are greater than zero for 
a tip-cutting flame [88]. 
The study of the impact of the fuel composition on the value of Lf, and λ also reveals the 
transition from one fame type to another type (stable/flickering/tip-cutting). The oscillation 
of laminar diffusion flame could be created by increasing the fuel rate solely (without the 
supply of air rate). This action escalates the difference between the velocity of fuel and 
oxidizer (ambient air) which encourages an occurrence of K-H instability. The result is the 
transition from stable to flickering and tip-cutting flames, respectively. 
The analysis of the profile of Lf, and λ changed by an increase of fuel rate of various fuel 
compositions projects the impact of diversity in fuel composition. Further, the heat 
generation and its fluctuation affected by the flame oscillation are included in this work. The 
total chemical heat released from the flame (Qtotal) is computed and monitored during the 
limit cycle of oscillation. The average chemical heat release (Q-ave) is computed by a similar 
approach as the average flame length (Hf-ave). Also, the flame temperature is computed for 
an average value (T-ave) during the limit cycle and analysed along with Q-ave. These data 
provide a comprehensive understanding regarding the heat generation capability and 
temperature of the flickering and tip-cutting syngas/producer gas flames. Also, the 
fluctuation of total chemical heat release (Qtotal) and flame temperature (T) could be revealed 
by a similar method as the magnitude of oscillation (Lf). The syngas composition that 
provides a larger difference between the maximum and minimum values of Qtotal and T also 
has a higher level of the fluctuation of each parameter. Thus, the fluctuation of flame 
temperature (dT) and total chemical heat release (dQ) are calculated to project the fluctuation 
level. 
The co-flow burner of Darabkhani et al. [88] is selected and modelled by CFD. This burner 
is designed specifically for studying the oscillation of laminar co-flow flame and is capable 
of formulating stable, flickering, and tip-cutting flames. The assessment of reliability and 
accuracy of the newly generated CFD model is required. The experimental result presented 
in Ref [88] is hence used as a reference in the validation process. The generated model is 
ready for the study stage once it could produce a similar result comparing to the experimental 
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one. In this chapter, the CFD model formulation and validation are presented firstly. The 
CFD models are created with different chemical reaction mechanisms supplied and mesh 
resolutions. Among them, the model that provides the good agreement result compared to 
the experimental result is selected for utilising in the study stage. The selected CFD model 
from the validation stage will be used for formulating the stable, flickering, and tip-cutting 
flame of syngas/producer in the study stage. The study examines (i) the flame characteristics 
during the oscillation, (ii) the critical condition where the transition between flame types 
occurs, (iii) the level of oscillation and tip-cutting phenomenon, and finally (iv) the 
fluctuation in temperature and heat generation. Lastly, the discussion and conclusion 
according to the impact of each species on these aspects are provided. 
6.2 Model formulation and validation 
The burner geometry of Darabkhani et al. [88] is a reference for the model formulation. The 
simulation domain considers the area above the fuel and co-flow air inlet. The details 
regarding this process are described in this section. 
 Burner configuration and boundary condition 
 
Figure 6-2 Cross-section of the selected burner [3] 
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The dimension and appearance of the selected co-flow burner are presented in Figure 6-2. 
The fuel inlet inner diameter is 4.57 mm, whereas the co-flow air inlet inner diameter is 37.8 
mm. The exit of fuel is 4 mm above the co-flow air exit. The shape of the fuel inlet tube is a 
tapered nozzle which assists the stabilisation of the flame. This burner is modelled by 
considering the area above the fuel and air exit as the area of interest. The axisymmetric 
domain is created, and the axis of the simulation domain is the centreline of the fuel inlet. 
The height and width of the domain are 204 mm and 32.9 mm, respectively, as illustrated in 
Figure 6-3. The boundary conditions are defined based on the combustion condition of the 
reference paper. The top and left planes are a pressure boundary with the temperature and 
pressure respectively as 293 K and 101325 Pa. At the bottom of the domain, the fuel and co-
flow air inlet are both set as a velocity inlet. The velocities of the fuel and air streams are 
converted from the volume flow rate, which is in the unit of SLPM (standard litre per 
minute). Lastly, the fuel and air tube are set as non-slip and non-adiabatic wall boundary. 
 Overview of the numerical techniques 
The continuity, momentum, species, and energy equations are solved in a segregated manner 
with the boundary conditions described in the previous sections. The simulation is transient, 
so the time step is defined based on the value of convective courant number (ܥܥܰ) which is 
expressed in equation (77). The maximum value of ܥܥܰ is monitored every time-step, and 
this parameter is controlled at 1±0.05 by increasing or decreasing the time-step size. The cell 
having the smallest size (an area close to the fuel tube) is found to have the maximum value 
of ܥܥܰ. The value is 30-50 % lower at the reaction zone of the flame. This setup causes the 
fluctuation of the time-step size when the simulation begins, and the size is stable once the 
maximum ܥܥܰ value is in the preferable range.  
The species transport equation is solved by an inbuilt algorithm called ‘operator splitting’ in 
STAR CCM+ CFD software. Various chemical reaction mechanisms are supplied into this 
combustion model to find the most suitable one. The details of this optimisation will be 
explained in the following sections. The dynamic viscosity of each species is defined by two 
different methods which are (i) interpolation of the gas property data of Ref [119], and (ii) 
constant value at the initial combustion condition (293 K and 1 atm). The dynamic viscosity 
of species H2, CO, CH4, N2, CO2, H2O, and O2 are computed by the previous method while 
one of the other species is defined by the latter method. Mass-weight mixture method is 
utilised for combining the dynamic viscosity of each species at the gas mixture level. The 
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molecular diffusivity coefficient of each species is considered based on the kinetic theory. 
The Discrete Ordinate Method (DOM) is selected for solving the thermal radiation transport 
equation where the absorption coefficient is provided by the Weighted Sum of Gray Gases 
Method (WSGGM).  
The combustion is set to ignite at above the fuel tube. The cells at this area have a 
temperature of 1800 K for the first 0.5s to trigger the combustion. The simulation is run until 
(i) the flame and the focused parameters (e.g. the flame length, temperature, and total 
chemical heat release) are constant for the stable flame, or (ii) the profile of focused 
parameters (Hf, Q, and T) repeats its pattern 10 times with the difference in the maximum 
and minimum values between the limit cycles of oscillation less than 0.001 mm, 0.01 K, and 
0.01 W for flame length, temperature, and total chemical heat release respectively. 
 Mesh generation and optimisation 
 
Figure 6-3 Simulation domain and mesh generation 
The pattern of mesh generation is presented in Figure 6-3. The objective of the mesh design 
is to project the interaction between the fuel/air stream and the fuel/air tube, and chemical 
reactions between the fuel and co-flow air streams. The area close to the edge of the fuel and 
air tubes has a higher density mesh. From this location, the non-uniform mesh is stretched 
by a hyperbolic function from the smallest to largest cell size at the pressure boundary. 
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Similar to the formulation of the stable flame CFD model used in Chapter 3 and 4, the 
optimisation of the mesh resolution is processed for finding the level of mesh resolution that 
provides the sufficient detail of solution with an acceptable computational cost. Three CFD 
models with different levels of mesh resolution are created, and the results obtained from 
them are compared with the experimental result of Darabkhani et al. [88]. The fine mesh 
model has the highest resolution (39,560 cells and 1.25E-4 m of the smallest cell size) 
followed by the medium mesh model (19,720 cells and 2E-4 m) and coarse mesh model 
(6,720 cells and 3.33E-4 m). For the reasonable comparison, the same chemical reaction 
mechanism, which is DRM 22 [112], is supplied into these CFD models. This process 
provides the level of mesh resolution that is suitable for the study stage. 
 Chemical reaction mechanism selection    
In the validation stage, the selection of the proper reaction mechanism is also carried out by 
comparing the simulation result generating from various chemical reaction mechanisms 
supplied into the CFD models. The GRI 3.0 reaction mechanism which is selected for 
studying the stable flame in the previous chapter consumed high computational cost due to 
its number of species and reactions (53 species and 325 reactions), especially in the unsteady 
simulation. The mechanisms selected in this work are smaller than GRI 3.0 to reduce the 
computational cost. These are DRM22 [112], Lu and Law [115], and Sankaran et al. [116]. 
Among them, the largest mechanism is Lu and Law [115] with 30 species and 184 reactions 
followed by DRM22 [112] (22 species and 104 reactions), and Sankaran et al. [116] (17 
species and 73 reactions). The reaction pathways explained by these mechanisms are 
supplied into the complex chemical combustion model of the generated CFD model. The 
simulation is processed on the medium mesh resolution model for all the compared 
mechanisms. Similar to the mesh optimisation, the reaction mechanism that provides a good 
agreement to the experimental result under the acceptable compactional cost will be selected 
for the study stage. 
 Data monitoring and extraction 
Regarding the unstable flame (flickering or tip-cutting), the parameters Lf and λ are the keys 
for the investigation of flame oscillation. The calculation of them requires Hf-max, Hf-min, 
and tip-cutting position. These parameters are extracted from the change of flame length 
during the limit cycle of oscillation as illustrated in Figure 6-4. The flame front line is firstly 
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drawn by the zero-temperature gradient method, and the position where the flame front line 
crosses the domain axis is the flame length, which is plotted and monitored every time step. 
This method forms the flame length profile changing over time, as seen in Figure 6-4. It 
could be noticed that the flame length profiles of flickering and tip-cutting flames are 
different. The cut at the flame body causes the immediate reduction of the flame length 
profile in tip-cutting flame, whereas the profile of flickering flame is the typical wave 
oscillation. The flame length profile is extracted for Hf-max, Hf-min, and tip-cutting position, 
which are used for calculating the value of Lf and λ. The analysis of the flame length profile 
also allows the calculation of flickering frequency (F), which represents the number of limit 
cycles of oscillation per second. This parameter could be computed from the inverse 
proportion of the period of the limit cycle. Nevertheless, the method has a limitation for a 
stable flame since its flame length profile has a constant value. Thus, the flickering frequency 
is only presented from the unstable flame (flickering and tip-cutting flame). 
 
Figure 6-4 Flame length profile and data extraction 
Flame length, flame temperature, and total chemical heat release are studied based on their 
average value throughout the limit cycle of oscillation. The parameters required for this 
purpose is the minimum and the maximum value of flame length, flame temperature, and 
total chemical heat release. The average flame length (Hf-ave) could be computed from (Hf-
max + Hf-min)/2. The same method is applied for the flame temperature (T) and total 
chemical heat release (Q) resulting in the average value of these parameters. The profile of 
T and Q are monitored every time-step to form the profile of these parameters changing over 
Chapter 6 - An occurrence of the instability of syngas/producer gas flames 
 
114 
 
time. However, the tip-cutting phenomenon does not affect the profile of T and Q, and the 
profile of them are typical wave oscillation profile (similar to the flame length profile of 
flickering flame). Thus, only the maximum and minimum values are extracted from the 
profile of T and Q. These values are used for calculating the value of average flame 
temperature (T-ave) and total chemical heat release (Q-ave). Furthermore, the fluctuation level 
of temperature (T) and total chemical heat release (Q) could be computed from their 
extracted maximum and minimum value. The difference between the maximum and 
minimum value of T is computed for the fluctuation level of flame temperature (dT), and the 
same method is applied for the fluctuation of total chemical heat release (dQ). 
 Validation and optimisation  
Total of five CFD models is created in the validation stage with the different mesh resolution 
and chemical reaction mechanisms, as stated in Section 6.2.3 and 6.2.4. Every model 
formulates the stable, flickering and tip-cutting flame at the same combustion condition as 
the reference literature (Ref [88]). The fuel is CH4, and the volume flow rate of fuel stream 
is varied between 0.2 and 0.35 SLPM (standard litre per minute). At this range of fuel rate, 
the Reynolds number (Ref) of fuel stream stays between 61.02 and 106.78, while the Froude 
number (Fr) is calculated between 1.249 and 3.845. The oxidiser is air (79%N2+21%O2), 
and the flow rate of the co-flow air stream is between 0 and 20 SLPM. The oxidiser is 
supplied from the co-flow air inlet when the co-flow air rate is above zero. Ambient air is an 
oxidiser when the co-flow air rate is 0 SLPM. Based on this setup, the flame is considered 
to be dominated by the buoyancy force rather than the momentum of the fuel stream for all 
the simulation cases according to ref [88], [147]. 
According to the experimental result provided, the validation process focuses on (i) the 
movement and behaviour of flames during a limit cycle of oscillation, (ii) the magnitude of 
oscillation (Lf), (iii) the oscillation wavelength (λ), and (iv) the average oscillating flame 
height (Hf-ave). The movement of the flames formulated by all the CFD models is in the 
same direction as the experimental result. The example of the movement of the simulated 
unstable flame could be seen in Figure 6-5. As seen, the complete cycle of the tip-cutting 
flames of CH4 at a fuel rate of 0.3 SLPM and co-flow rate of 0 and 3 SLPM are presented as 
a series of temperature contour from left to right. The temperature contour presented in 
Figure 6-5 is predicted by the CFD model with the medium mesh resolution and DRM 22 
reaction mechanism. The similar movement pattern is obtained when the simulation result 
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(Figure 6-5) is compared with the experimental result of [88] in Figure 6-6. The flame size 
and length increase from the minimum to the maximum value. The impact of buoyancy force 
leads to the K-H instability and the flame oscillation; thus, the top part of the flame body 
lifts upward and results in the tip-cutting phenomenon. After the tip-cutting, the fluctuation 
of flame size and length are observed; they increase slightly and reduce back to their 
minimum value at the end of the limit cycle. For the flame structure, the area having a high 
temperature (>1800 K) is at the top part of the flame at the beginning of the limit cycle. 
During the limit cycle, the temperature of this area decreases, and the new high-temperature 
area is formed on the flame front close to the fuel tube. This new high-temperature area 
moves along with the flame front line and reaches the axis when the tip-cutting occurs.  
 
Methane flame; Fuel 0.3 SLPM – Air 0 SLPM 
 
Methane flame; Fuel 0.3 SLPM – Air 3 SLPM 
 
Figure 6-5 Temperature contours representing a limit cycle of oscillation of the tip-cutting flame of methane: 
(top) Fuel 0.3 SLPM – Air 0 SLPM, and (bottom) Fuel 0.3 SLPM – Air 3 SLPM 
The analysis of temperature contour could project the movement of the unstable flame. 
Nevertheless, this method has a limitation when the flame moves in a small range (Lf < 3 
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mm). The temperature contour of the flickering flame of CH4, which is found from the flame 
length profile to have the value of Lf lower than 3 mm, cannot clearly project the movement 
of the flame. This finding, therefore, points to the requirement for the detailed analysis of 
flame oscillation and tip-cutting phenomenon based on the other parameters such as the 
magnitude of oscillation (Lf), oscillation wavelength (λ) and average flame length (Hf-ave). 
The profile of parameters Lf, λ, and Hf-ave formulated by different CFD models are compared 
with the experimental result of [88] in Figure 6-7 - Figure 6-9. The clear downtrend of Lf 
and λ are observed as their values reduce when the co-flow air rate is higher. This means that 
the level of oscillation and tip-cutting phenomenon of CH4 flame reduces to the lower level 
and disappears when the co-flow air is supplied at a higher rate to the combustion. The 
pattern of the profile of both Lf and λ are similar; it decreases significantly and becomes zero. 
This pattern projects the behaviour of the unstable CH4 flame when the supplied air rate is 
higher. It is also noticed that the relation between Lf and λ, and co-flow air rate are non-
linear.  
Methane flame; Fuel 0.3 SLPM – Air 0 SLPM 
 
Methane flame; Fuel 0.3 SLPM – Air 3 SLPM 
 
Figure 6-6 The movement of tip-cutting flame obtained from the experiment of [88] 
The elimination of flame oscillation and tip-cutting phenomenon demands a different 
amount of co-flow air rate depending on the fuel rate supplied. This topic will be studied in 
detail in Chapter 7 for syngas diffusion flame. The higher fuel rate requires a higher amount 
of air rate to become stable. The pattern of average flame length (Hf-ave) of CH4 depends on 
the flame type. The value of Hf-ave rises when the co-flow air rate is higher for an unstable 
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flame (Lf > 0). Once the air rate is enough for the flame to become stable, the flame length 
decreases at the higher co-flow air rate.  
The finding presented in this validation stage could be used as a guideline for the analysis in 
the study stage since CH4 is one of the combustible species in syngas/producer gas 
composition, as seen in Figure 6-7 - Figure 6-10. All the mechanisms are capable of 
predicting the result in the same direction as the experiment result. The slightly over-
prediction and under-prediction of the profile of Lf, λ, and Hf-ave are obtained; nevertheless, 
the difference is insignificant. The same flame type (stable, flickering or tip-cutting) is 
predicted form all the compared reaction mechanisms at the same fuel and air rate, and it is 
the same as the experimental result. The profile of each focused parameter is also predicted 
similarly from these reaction mechanisms. As a result, they are capable of formulating the 
unstable flame that provides a reliable result. Among them, the DRM 22 reaction mechanism 
is selected. The CFD model with this mechanism is optimum when the computational cost 
is considered along with the reliability of the generated result. Furthermore, this mechanism 
considers the detailed reaction pathway of related species, which would benefit the 
prediction of chemical heat release from flame. 
Further, regarding the mesh optimisation, the medium and fine mesh resolution models 
formulate the flame with a similar profile of Lf, λ, and Hf-ave. As a result, the same flame type 
is predicted by these models at a specific fuel and air rate. The difference in the profile of Lf 
and λ is computed from the coarse mesh model. The value of Lf and λ approach to zero at the 
lower co-flow air rate than ones obtained from the medium and fine mesh resolution models. 
The transition between flame type is hence predicted to occur at the lower air rate by the 
coarse mesh model. Comparing to the experiment result, the CFD model with the medium 
and fine mesh resolutions compute the values of Lf, λ, and Hf-ave closer to the experimental 
result than the coarse mesh model. Consequently, the medium mesh model is selected for 
the study stage since it formulates the flame with the same value of the focused parameter 
as the experimental result with less computational cost than the fine mesh model.  
Consequently, the CFD model selected for the study stage is one with the medium mesh 
resolution and DRM22. This model provides a reliable result with a reasonable 
computational cost (~30 hours per simulation case on four processors parallel computing 
system).  
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(a) 
 
(b) 
 
(c) 
 
Figure 6-7 Results obtained from various CFD models in the validation stage compared with the 
experimental result at a fuel rate of 0.2 SLPM; (a) Lf, (b) λ, and (c) Hf-ave 
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(a) 
 
(b) 
 
(c) 
 
Figure 6-8 Results obtained from various CFD models in the validation stage compared with the 
experimental result at a fuel rate of 0.25 SLPM; (a) Lf, (b) λ, and (c) Hf-ave 
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(a) 
 
(b) 
 
(c) 
 
Figure 6-9 Results obtained from various CFD models in the validation stage compared with the 
experimental result at a fuel rate of 0.3 SLPM; (a) Lf, (b) λ, and (c) Hf-ave 
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(a) 
 
(b) 
 
(c) 
 
Figure 6-10 Results obtained from various CFD models in the validation stage compared with the 
experimental result at a fuel rate of 0.35 SLPM; (a) Lf, (b) λ, and (c) Hf-ave 
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6.3 Impacts of fuel composition 
The CFD model, with the medium mesh resolution and DRM 22 [112] chemical reaction 
mechanism, is utilised for studying the oscillation of syngas/producer gas flame in this stage. 
The composition of syngas/producer gas in this study is the same as the composition in 
category (ii), and (iii) in the study of syngas /producer gas stable flame in Chapter 5. The 
details of composition along with the Reynolds number of fuel stream are shown in Table 
6-1. The result of pure syngas with H2:CO as 1:3, 1:1, and 3:1 (CO-rich, EQ, and H2-rich) is 
analysed with one of H2 to reveal the impact of H2 and CO. The other fuel compositions are 
EQ syngas mixed with either CH4, CO2, or N2 at the additional percentage of 10 and 20%. 
Examining the flame of these fuel compositions by utilising the flame of EQ syngas as a 
reference provides the impact of CH4, CO2, and N2. 
Table 6-1 Fuel composition  
Fuel Composition Ref ܨݎ௙ 
 H2 CO CH4 CO2 N2   
CO-rich 25% 75% - - - 52 - 367 1.88E-3 – 1.31E-2 
EQ 50% 50% - - - 37 - 261 1.10E-3 – 7.71E-3 
H2-rich 25% 75% - - - 22 - 157 4.53E-4 – 3.17E-3 
H2 100% - - - - 9 - 66 4.00E-5 – 2.80E-4 
EQ+10%CH4 45% 45% 10% - - 26 - 180 8.08E-4 – 5.65E-3 
EQ+20%CH4 40% 40% 20% - - 29 - 205 6.27E-4 – 4.39E-3 
EQ+10%CO2 45% 45% - 10% - 33 - 228 1.65E-3 – 1.15E-2 
EQ+20%CO2 40% 40% - 20% - 43 - 299 2.36E-3 – 1.65E-2 
EQ+10%N2 45% 45% - - 10% 27 - 188 1.43E-3 – 1.00E-2 
EQ+20%N2 40% 40% - - 20% 31 - 219 1.85E-3 – 1.30E-2 
The fuel rate is set between 0.2 and 1.4 SLPM, and the combustion occurs with ambient air 
as an oxidiser (i.e. the co-flow air rate is 0 SLPM). The transition between flame types (stable 
to flickering and tip-cutting flames) of all the studied fuels are observed at this range of fuel 
rate. The flame of all the fuels is stable at a fuel rate of 0.2 SLPM then transforms to 
flickering and tip-cutting flames at a higher fuel rate. The Reynolds number of fuel stream 
(Ref) is calculated as 9 - 66 for hydrogen, and 22 - 367 for the other studied fuels.  
The Froude number (Fr) is computed for all the studied cases to assess whether the flame is 
buoyancy or momentum dominated. The buoyancy force due to the gravity plays a 
significant role in the flow of fuel stream in the buoyancy dominated diffusion flame. The 
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flow of fuel stream is momentum dominated at a higher velocity or the condition that gravity 
impact is insignificant. Nevertheless, the value of Fr is computed between 2 and 103. This 
range is significantly higher than the value determined from the flame of CH4 in the 
validation stage. According to this, another level of the analysis is required for assessing the 
flame type. The parameter called ‘Flame Froude number (ܨݎ௙)’ which is introduced by [148], 
[149] and simplified by [150] is hence used for this purpose. This calculation of ܨݎ௙ relates 
to the several parameters, as presented in equation (75). The critical value is 5; the flame 
with ܨݎ௙ < 5 is a buoyancy-dominated diffusion flame, while one with ܨݎ௙ > 5 is a 
momentum-dominated flame. The ܨݎ௙ calculated from all the formulated flames are 
significantly lower than the critical value at every fuel rate as presented in Table 6-1. 
Therefore, all the studied flames are buoyancy dominated. 
ܨݎ௙ = ܷ ௦ܻଵ.ହ(( ௔ܶௗ − ஶܶ)/ ஶܶ݃ܦ௙)଴.ହߦ଴.ଶହ ,        (96) 
where the parameters related to the stoichiometry mixture fraction ( ௦ܻ), air/fuel density ratio 
(ξ), the diameter of the fuel injector (ܦ௙), adiabatic flame temperature ( ௔ܶௗ), the velocity of 
fuel (ܷ), gravitational acceleration (݃), and ambient temperature ( ஶܶ).  
 Flame characteristics 
Various aspects of the flame characteristics are focused such as (i) the flame movement and 
structure (the distribution of the temperature of the flame), (ii) average flame length, (iii) 
average flame temperature, and (iv) average chemical heat release. The study initially 
analyses the temperature contour plot, which projects the appearance and movement of the 
flame during the limit cycle of oscillation. As mentioned above, three types of flame are 
formulated; stable, flickering and tip-cutting flames. At 0.2 SLPM of fuel rate, the flames of 
all the studied fuel compositions are stable, and their structures are similar. As seen, the 
high-temperature area (>1800 K) is on the axis and top of the flame. The impact of the fuel 
composition on the structure is weak due to low fuel rate supplied. Their flame temperature 
is different since different fuel compositions are supplied into combustion. The stable flame 
of H2, H2-rich, EQ, CO-rich EQ+10%CH4, EQ+10%CO2, and EQ+10%N2 are presented in 
Figure 6-11 - Figure 6-12. All of them are obtained at 0.2 SLPM of fuel rate.   
The flickering flame appears once the higher fuel rate is injected, and the transition occurs 
at a different fuel rate depending on the fuel composition. The series of temperature contour 
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plot representing the movement and structure of the flickering flame of H2, H2-rich, EQ, CO-
rich, EQ+10%CH4, EQ+10%CO2, and EQ+10%N2 are illustrated in Figure 6-13 and Figure 
6-14. These flames are formulated at 0.5 SLPM of fuel rate except the flame of 
EQ+10%CH4, which is formulated at 0.4 SLPM. From left to right, the flame length and size 
rise from the minimum to the maximum values then decreases back to the minimum value. 
The same direction of the movement is observed from the flickering flame of all the fuel 
compositions. Nevertheless, the structure of them is different and relies on the concentration 
ratio of H2:CO. As seen, the locations of the high-temperature area of H2 and H2-rich are 
different from one of EQ and CO-rich. This area is on the flame front and above the fuel 
tube for H2 flame and H2-rich syngas flames which has H2:CO > 1. The high-temperature 
area is at the axis and on the top of the flame for EQ and CO-rich syngas where their H2:CO 
≤ 1. The structure of the flickering flame of EQ syngas mixed with CH4, CO2, or N2 is similar 
to the structure of EQ syngas since their H2:CO = 1. During the limit cycle of oscillation, the 
high-temperature area expands and reduces upward and downward when the flame length 
increases and decreases, respectively. This could be explained by the impact of K-H 
instability on the mix of the fuel and oxidizer. Also, the flame temperature oscillates 
throughout the limit cycle of movement. 
The tip-cutting flame is observed at the higher fuel rate than the flickering flame. This 
phenomenon is affected by the fuel composition strongly since the transition is found at 
different fuel rate in the flames of different fuel compositions. However, the structure and 
movement of the tip-cutting flame of all the fuel compositions are similar. The movement 
and structure of the tip-cutting flame of H2, H2-rich, EQ, CO-rich, EQ+10%CH4, 
EQ+10%CO2, and EQ+10%N2 at a fuel rate of 1.2 SLPM are presented in Figure 6-15 and 
Figure 6-16. As seen, the flame length and size develop from their minimum to maximum 
values before the tip-cutting occurs at the flame body. The flame height and size then 
fluctuate and decrease to their minimum value at the end of the limit cycle. The flame 
temperature is found to oscillate throughout the limit cycle in the same direction as the flame 
height. It increases to the maximum value when the flame length escalates and reduces after 
the tip-cutting occurs. For the structure, the high-temperature area locates on the flame front 
line above the fuel tube at the beginning of the limit cycle. The ratio of H2:CO affects the 
position of the high-temperature area, and this area is closer to the fuel tube for the flame of 
syngas with a higher ratio. Once the limit cycle begins, the high-temperature area moves 
along with the flame front line and approaches the axis at the same position where the tip-
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cutting occurs. The new high-temperature area is then formed at its original position after 
the tip-cutting. The movement during the limit cycle described above repeats its pattern over 
time. 
 
    
CO-rich 
(Tmax = 2110 K) 
EQ 
(Tmax = 2070 K) 
H2-rich 
(Tmax = 1950 K) 
H2 
(Tmax = 2021 K) 
Figure 6-11 Stable flames of pure syngas and H2 at fuel rate = 0.2 SLPM 
 
 
   
EQ+10%CH4 
(Tmax = 2064 K) 
EQ+10%CO2 
(Tmax = 1991 K) 
EQ+10%N2 
(Tmax = 2021 K) 
Figure 6-12 Stable flame of syngas mixed with either CH4, CO2, or N2 at fuel rate = 0.2 SLPM  
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CO-rich 
(Tmax = 
2172 K) 
 
EQ 
(Tmax = 
2141 K)  
 
H2-rich 
(Tmax = 
2116 K) 
 
H2 
(Tmax = 
2143 K) 
 
Figure 6-13 Appearance of flickering flame of pure syngas and H2 at a fuel rate of 0.5 SLPM  
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EQ+ 
10%CH4 
(Tmax = 
2105 K) 
 
EQ+ 
10%CO2 
(Tmax = 
2048 K)  
 
EQ+ 
10%N2 
(Tmax = 
2085 K) 
 
Figure 6-14 Appearance of flickering flame of syngas mixed with either CH4, CO2, or N2 at a fuel rate of 0.4 
SLPM for EQ+10%CH4, and 0.5 SLPM for EQ+10CO2 and EQ+10%N2  
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CO-rich 
(Tmax = 
2195 K) 
 
EQ 
(Tmax = 
2206 K)  
 
H2-rich 
(Tmax = 
2242 K) 
 
H2 
(Tmax = 
2304 K) 
 
Figure 6-15 Appearance of tip-cutting flame of pure syngas and H2 at fuel rate of 1.2 SLPM  
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EQ+ 
10%CH4 
(Tmax = 
2121 K) 
 
EQ+ 
10%CO2 
(Tmax = 
2072 K)  
 
EQ+ 
10%N2 
(Tmax = 
2100 K) 
 
Figure 6-16 Appearance of tip-cutting flame of EQ syngas mixed with either CH4, CO2, or N2 at fuel rate of 
1.2 SLPM 
The average flame length (Hf-ave) during the limit cycle of oscillation of all the fuel 
compositions are computed and compared in Figure 6-17. The Hf-ave profile of all the fuel 
compositions is almost linear, and the relation between this parameter and the fuel rate is a 
direct proportion. In other words, the flame is longer when the higher fuel rate is supplied. 
CH4, and CO play a strong role in an increase of Hf-ave, and the higher concentration 
percentage of these species leads to the higher value. The stronger role in this aspect is found 
from CH4 over CO as seen from the profile of EQ+10%CH4 and EQ+20%CH4 which have 
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the higher value of Hf-ave at the same fuel rate and also a higher increasing gradient than the 
Hf-ave profile of CO-rich syngas. The higher H2:CO ratio and the higher percentage of N2 in 
the fuel composition leads to the lower value of Hf-ave. For instance, at the same fuel rate, 
H2-rich has a lower Hf-ave than EQ and CO-rich, whereas EQ+20%N2 has a lower Hf-ave than 
EQ+10%N2 and EQ, respectively. Having CO2 in the fuel composition surprisingly increases 
the value of Hf-ave for the unstable flame. 
 
 
Figure 6-17 Average flame length 
The average flame temperature is calculated and presented in Figure 6-18. The value of T-
ave, increases along with an escalation of fuel rate. The higher difference in velocity at the 
shear layer between fuel and oxidiser stream encourages the mix of fuel and oxidiser 
resulting in the higher flame temperature. The profile pattern of T-ave depends strongly on 
H2:CO ratio. H2-rich syngas (H2:CO > 1) and H2 have a non-linear profile, and their 
increasing rate is higher at the lower fuel rate. The different pattern is seen from the profile 
of T-ave of syngas having H2:CO ≤ 1 since they are non-linear at the fuel rate lower than 0.5 
SLPM and linear at the fuel rate above. According to this, the average increasing rate is 
computed to analyse the impact of each species further. It is found that syngas/producer gas 
with a higher H2:CO has a higher average increasing rate. As a result, CO-rich syngas (2110 
K) has a higher T-ave than EQ (2064 K), H2-rich (2017 K), and H2 (1951 K) at 0.2 SLPM of 
fuel rate. The opposite direction is obtained at 1.4 SLPM of fuel rate where T-ave of CO-rich 
(2177 K) is lower than EQ (2180 K), H2-rich (2214 K), and H2 (2270 K). Having CH4, CO2, 
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and N2 in the fuel composition further causes the reduction of T-ave, and the impact of CO2 is 
stronger than N2 and CH4 at the same additional percentage. As seen, the value of T-ave of 
EQ mixed with CO2 is lower than one mixed with either N2 or CH4 respectively at the same 
fuel rate. The impact is also stronger when the additional percentage of these species is 
higher.  
 
 
Figure 6-18 Average flame temperature 
The total heat release from the chemical reaction of the flame is represented by Q-total. This 
parameter is computed by combining the chemical heat release of every grid on the 
simulation domain. The average total chemical heat release (Q-ave) is the average value of 
Qtotal during the limit cycle. Thus, it is the average rate of the total heat generated from the 
chemical reaction during the limit cycle. The comparison of Q-ave of all the studied flames is 
presented in Figure 6-19. The profile of Q-ave of all the fuel compositions is almost linear, 
and this refers to a higher average heat generated at the higher fuel rate. The impact of species 
H2, CO, CH4, CO2, and N2 are in the same direction as the study of their effect on Qtotal of 
the stable flame in Chapter 5. That is, CH4 and CO play a significant role in the increase of 
heat generation capability of the stable flame, and this impact is also valid for the unstable 
flame. Similarly, the higher CO2 and N2, which are non-combustible, decrease the heat 
generation capability of both stable and unstable flames. 
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Figure 6-19 Average chemical heat release 
As also seen from the profile of Q-ave, an increasing rate of Q-ave profile of EQ mixed with 
CH4 (236 and 273 W-SLPM-1 at 10 and 20% of addition) is significantly higher than the 
other flames. CO maintains its second place as a preferable species in terms of heat 
generation capability in both the stable and unstable flames. The higher concentration 
percentage of CO or the lower H2:CO ratio in the syngas composition rises the value of Q-
ave. For instance, the increasing rate of Q-ave profile of CO-rich (202 W-SLPM-1) is higher 
than EQ (196 W-SLPM-1), H2-rich (191 W-SLPM-1) and H2 (188 W-SLPM-1). Also, the 
comparable role of CO2 and N2 are observed in both the stable and unstable flame, since 
both species affects the reduction of Q-ave at an equal level, and the higher percentage of them 
in the fuel composition causes a stronger impact.  
 Critical condition 
The parameters Lf and λ are computed and used for identifying the flame type as presented 
in Table 6-2. The study of the critical condition focuses on the transformation between the 
flame type, e.g. (i) stable/flickering and (ii) flickering/tip-cutting. The maximum possible 
fuel rate that the flame can maintain its stability is a stable/flickering critical fuel rate. With 
a similar approach, the flickering/tip-cutting critical fuel rate is the maximum possible fuel 
rate that the flame is flickering. The transition between flame types occurs once the fuel rate 
supplied is above these critical fuel rates. The value of the critical fuel rate reveals the 
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sensitivity of the flame to transform into another flame type when the fuel rate increases or 
decreases. The flame is considered to be more sensitive when the critical fuel rate is lower 
since the smaller increase in the fuel rate could affect the transition between the flame types.  
As an occurrence of K-H instability relies on the Richardson number (ܴ݅) which is computed 
from two dimensionless parameters (ܩݎ and ܴ݁) as explained in equation (9). In this work, 
the oscillating flame is created by escalating the fuel velocity. This action directly affects 
the higher value of ܴ݁ resulting in the lower value of ܴ݅ where the onset of K-H instability 
occurs at the value lower than 0.25. Also, the diversity in fuel composition has an impact on 
the value of ܴ݁ since the density and viscosity rely on the concentration of species in fuel 
composition. The Reynolds number is hence selected for representing the flow condition 
where the transition between flame types (stable/flickering/tip-cutting) is likely to occur. 
The value of Reynolds number of fuel stream (ܴ ௙݁) at the critical fuel rate is the critical ܴ ௙݁. 
The comparison of critical ܴ ௙݁ and critical fuel rate of all the studied fuels is presented in 
Figure 6-20 and Figure 6-21. 
Table 6-2 Flame type at each fuel and air rate (S = stable, F = flickering, and T = tip-cutting) 
 
At the stable/flickering transition (Figure 6-20), the critical fuel rate of CO-rich, EQ, H2-
rich, and H2 are equal to 0.4 SLPM. The H2:CO ratio, hence, does not affect the critical fuel 
rate at this transition condition. When the CH4 is added into EQ syngas, the critical fuel rate 
reduces to 0.3 and 0.2 SLPM at 10% and 20% of addition, respectively. This result refers to 
the higher sensitivity level to the fuel rate of syngas mixed with CH4 since it becomes a 
flickering flame at the lower fuel rate. The critical fuel rate is unchanged when the species 
CO2 or N2 is mixed with EQ syngas at 10%. As seen, the critical fuel rate of EQ+10%CO2 
and EQ+10%N2 are equal to EQ syngas (0.4 SLPM). However, both species (CO2 and N2) 
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reduce the sensitivity level when they are added to the syngas composition at 20%. The 
critical fuel rate of EQ+20%CO2 and EQ+20%N2 are 0.5 SLPM. This result also projects 
the comparable level of the effect of CO2 and N2 on the critical fuel rate. 
The critical Reynolds number at stable/flickering transition (ܴ݁௦→௙) of all the studied fuel 
compositions are computed at the critical fuel rate as presented in Figure 6-20. The impact 
of H2:CO is clearly seen as the syngas with the lower ratio has a higher value of ܴ݁௦→௙. The 
value of ܴ݁௦→௙ of CO-rich (105) is higher than EQ (75), H2-rich (45) and H2 (19), 
respectively. The impact of adding CH4, CO2, or N2, on ܴ݁௦→௙  is in the same direction as 
their effect on stable/flickering critical fuel rate. The addition of CH4 at 10% and 20% 
reduces the value of ܴ݁௦→௙of EQ syngas to 59 and 41, respectively. By the same action, but 
altering the species to CO2 or N2, the value of ܴ݁௦→௙ increases to 92 and 81 at 10% of the 
additional percentage, and to 136 and 108 at 20%. The level of impact of CO2 on ܴ݁௦→௙ is 
hence stronger than N2 according to this result. It is also noticed that the fluid property 
dominates the value of ܴ݁௦→௙  of pure syngas, e.g. H2-rich, EQ, and CO-rich. These flames 
are formulated from the same fuel rate (same velocity) and diameter of fuel injector; thus, 
the value of ܴ݁௦→௙  relies strongly on the dynamic viscosity and density of the fuel mixture. 
 
Figure 6-20 Critical fuel rate and Reynolds number at stable/flickering transition 
In Figure 6-21, at the flickering/tip-cutting condition, the higher H2:CO ratio escalates the 
critical fuel rate. As seen, the flame of H2 has a higher critical rate (0.8 SLPM) than H2-rich 
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(0.7 SLPM), EQ (0.6 SLPM), and CO-rich (0.6 SLPM). Thus, the flame is more sensitive to 
the change of fuel rate when the concentration of CO is higher, and the converse direction 
of the result is obtained from the higher concentration of H2. The effects of CH4, CO2, and 
N2 on the flickering/tip-cutting critical fuel rate are almost the same as their effect on the 
stable/flickering critical fuel rate. Adding CH4 to syngas reduces the critical fuel rate (0.4 
and 0.3 SLPM at 10% and 20%) and increases the sensitivity level. Conversely, the addition 
of CO2 or N2 increases the critical fuel rate and decreases the sensitivity level. Also, the 
comparable role of CO2 and N2 is observed at the flickering/tip-cutting transition. Unlike the 
stable/flickering transition, the additional percentage of 10% of either of CO2 or N2 in syngas 
composition is sufficient to raise the critical fuel rate at the flickering/tip-cutting condition. 
In detail, the critical fuel rate of EQ escalates to 0.7 and 0.8 SLPM when either of CO2 or N2 
is diluted at 10 and 20%. 
 
Figure 6-21 Critical fuel rate and Reynolds number at flickering/tip-cutting transition 
The impact of H2:CO on the critical Reynolds number at flickering/tip-cutting transition 
(ܴ ௙݁→௧) is in the same direction as its impact on ܴ݁௦→௙, as presented in Figure 6-21. The fuel 
having the lower H2:CO ratio has a higher value of ܴ ௙݁→௧; one of CO-rich (157) is higher 
than EQ (112), H2-rich (79), and H2 (38). The impact of CH4, CO2, or N2 on ܴ ௙݁→௧ are also 
the same as their impact on ܴ݁௦→௙. Adding CH4 to syngas composition decreases ܴ ௙݁→௧ of 
EQ flame to 78 and 61 at 10% and 20%, respectively. Adding CO2 and N2 to syngas 
composition at 10% raise the value of ܴ ௙݁→௧ to 161 and 141, respectively. The value of 
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ܴ ௙݁→௧ increases to 245 and 195 at 20% of CO2 and N2. Hence, the stronger role of CO2 over 
N2 on the critical Reynolds number is confirmed at both types of transition. The result at the 
flickering/tip-cutting transition also supports the significant role of fluid property on the 
value of the critical Reynolds number. As seen, the flame H2-rich has higher flickering/tip-
cutting critical fuel rate but the significantly lower value of ܴ ௙݁→௧ due to its low density.  
 Flame instability 
The movement of the oscillating flame is analysed based on the value of Lf and λ. The higher 
value of Lf refers to the larger range of flame movement between the minimum and 
maximum flame length; thus, the higher level of impact of flame oscillation. Similarly, a 
higher value of λ expresses the longer distance between the maximum flame length and tip 
position, which implies the higher level of tip-cutting phenomenon. Besides, the flickering 
frequency (F), which is the number of the limit cycles per second is calculated from the 
flame length profile to project the behaviour of the flame. 
The profiles of Lf and λ of all the studied fuel compositions are compared in Figure 6-22a-b, 
where their profile pattern is found to be similar. The values of Lf and λ are higher when the 
fuel rate is higher, and this relation is non-linear. This finding refers to the higher level of 
impact from flame oscillation and tip-cutting phenomenon when the fuel rate is supplied at 
a higher rate since the K-H instability is promoted. The value of Lf of all the studied fuels is 
above zero at the fuel rate above the stable/flickering critical fuel rate. Similarly, the value 
of λ is above zero at the fuel rate that is higher than the flickering/tip-cutting critical fuel 
rate. Once the values of Lf and λ are above zero, their profiles rise along with an increase of 
the fuel rate, and the highest value of them is at 1.4 SLPM; which is the maximum studied 
fuel rate. The strong increasing rate of the profile of both the parameters reflects that this 
trend will continue at the fuel rate higher than 1.4 SLPM. 
The value of Lf of H2, H2-rich, EQ, and CO-rich are above zero at the same fuel rate due to 
their similar stable/flickering critical fuel rate. The comparison of is hence processed based 
on an increasing rate of Lf profile. The comparable increasing rate is seen from the flame of 
CO-rich and EQ where their H2:CO ≤ 1. Both flames have a similar value of Lf at the same 
fuel rate, and their values are higher than the one of H2-rich and H2. The same direction of 
the result is obtained from the comparison of λ profile of different fuel compositions, where 
CO-rich and EQ syngas have a similar value of λ at the same fuel rate. Their values are also 
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higher than one of H2-rich and H2. As a result, the syngas with a lower ratio of H2:CO 
promotes the flame oscillation and tip-cutting phenomenon at a stronger level. However, its 
impact has the upper limit when the fuel composition has H2:CO = 1. The level of impact 
will not rise further even the fuel has H2:CO ratio lower than this value.  
 
 
 
Figure 6-22 (a) Magnitude of oscillation (Lf) and (b) oscillation wavelength (λ)  
The profile of Lf and λ of EQ+10%CH4 and EQ+20%CH4 are clearly above the profiles of 
the same parameters of the other fuel compositions. The larger range of movement and tip-
cutting phenomenon are encouraged significantly once CH4 is added into the fuel 
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composition of syngas/producer gas. Also, the stronger effect is obtained when the additional 
percentage of this species is higher. The opposite direction of the result is found from the 
addition of CO2 and N2. As seen, the profile of Lf and λ of EQ+10%CO2, EQ+20%CO2, 
EQ+10%N2 and EQ+20%N2 are lower than the profile of EQ. Thus, flame oscillation and 
tip-cutting phenomenon are discouraged by the higher concentration of CO2 or N2 in syngas 
composition. Also, the value of both Lf and λ of EQ mixed with CO2 and one mixed with N2 
are similar at the same fuel rate. Therefore, the roles of these species on flame oscillation are 
comparable. 
For the oscillating flame, the number of limit cycles per second is represented by the 
flickering frequency (F). It could be computed from all the fuel compositions and compared 
in Figure 6-23a-b. The profile pattern of F tends to be dominated by the H2:CO ratio in fuel 
composition. As seen, the profile of F of syngas having the H2:CO > 1 (H2-rich) is in a 
downtrend, and the higher fuel rate causes the lower value of F. This finding is supported 
by the profile of F of H2 flame which reduces at the higher rate than one of H2-rich. This 
downtrend is expected at the fuel rate higher than 1.4 SLPM according to the direction of 
this result. The different pattern is found when the syngas has H2:CO ≤ 1, where the profile 
of F decreases to the minimum value then rises again. The minimum frequency of CO-rich 
(12.5 Hz at 0.8 SLPM) is higher but occurs at the lower fuel rate than one of EQ syngas 
(11.8 Hz at 1.0 SLPM). Beyond the minimum frequency, the uptrend of F of CO-rich syngas 
has a higher increasing gradient than EQ syngas. The impact of H2:CO on the profile pattern 
of F is supported by the profile of EQ syngas mixed with CH4, CO2, and N2, as shown in 
Figure 6-23b. These flames have H2:CO = 1, and their profiles pattern of F are similar to 
EQ, which also has the same H2:CO ratio.  
In addition, the profile of F syngas with H2:CO ≤ 1 presented in Figure 6-23a-b could be 
divided into two parts depending on the flame type. It is found that the profile of F of the 
most fuel compositions has the downtrend when the flame is flickering. A reverse direction 
of the profile appears when the flame is tip-cutting. However, this finding is not valid for 
EQ+20%CO2 and EQ+20%N2. The reverse direction of the profile of F of these flames is 
found when they are the flickering flame. 
On the other hand, the range of frequency depends not only on the H2:CO ratio but also on 
the concentration of each species. It could be seen that the syngas with the higher H2:CO 
ratio has a lower frequency at the same fuel rate. The range of frequency of CO-rich is 12.5-
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13.2 Hz, and this is higher than the frequency range obtained from the flame of EQ (11.8-
12.3 Hz), H2-rich syngas (10.8-12 Hz), and H2 (9.6-11.8 Hz). The impact of adding CH4, 
CO2, and N2 to the syngas composition on the value of F is observed from the analysis of 
Figure 6-23b. The flame of EQ mixed with CO2 has a higher value of F than one mixed with 
N2 and CH4 at the same additional percentage and the same fuel rate. Comparing to the flame 
of EQ (reference flame), adding CO2 and N2 rises the value of F of syngas flame, and the 
opposite direction is found from the addition of CH4. Besides, the higher percentage of them 
in syngas results in a stronger effect.   
   
 
 
Figure 6-23 Comparison of flickering frequency (F) of (a) pure syngas and H2, and (b) syngas mixed with 
either CH4, CO2, and N2 
(a) 
(b) 
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 The fluctuation of flame temperature and heat release 
The impact of K-H instability on the mix between fuel and oxidiser causes the fluctuation of 
flame temperature (dT) and total chemical heat release (dQ). The higher value of dT and dQ 
projects the higher level of fluctuation. These parameters are analysed to reveal the role of 
each species in syngas composition. The profile of dT of all the studied fuel compositions is 
compared, as presented in Figure 6-24. The pattern of dT profile relies on the H2:CO ratio 
as well as the average flame temperature (T-ave). The flame of H2 and H2-rich have an uptrend 
profile of dT, and this result implies a higher level of temperature fluctuation at the higher 
fuel rate. The value of dT of H2 flame is comparable to that of H2-rich at a fuel rate ≤ 0.8 
SLPM, and one of H2 flame is higher at fuel rate above. On the other hand, the 
syngas/producer gas containing H2:CO ≤ 1 has an unclear trend of dT profile. For instance, 
the profile of dT increases to the peak value then reduces for the flame of CO-rich (H2:CO 
< 1), while the profile increases to the peak value then reduces and fluctuates for the flame 
of syngas having H2:CO = 1 (e.g. EQ and EQ mixed with either CH4, CO2, or N2). The peak 
value of dT profile of CO-rich syngas is higher than syngas having H2:CO = 1. At the 
maximum studied fuel rate (1.4 SLPM), the flames of syngas having H2:CO = 1 has a lower 
level of temperature fluctuation than CO-rich, H2-rich, and H2, respectively. Therefore, the 
conclusion could be drawn for only the role of H2, which encourages the fluctuation level of 
flame temperature. This finding could be explained by the higher diffusive property of H2 
combines with the impact of K-H instability. Additionally, the larger range of the studied 
fuel rate is required for investigating the impact of the other species on dT. 
Similarly, the K-H instability directly affects the fluctuation of heat generation from flame. 
The level of fluctuation of Qtotal is higher when the fuel rate is higher for all the fuel 
compositions as seen from the profile of dQ in Figure 6-25. Adding CH4 to syngas/producer 
gas provides a higher value of Q-ave; nevertheless, this method escalates the fluctuation level 
of total heat release significantly. As seen, the dQ profile of EQ mixed with CH4 is clearly 
above the profile of the other fuels, and the higher additional percentage causes the higher 
value of dQ at the same fuel rate. The interesting result is obtained from pure syngas since 
the flame of CO-rich that provides the higher value of Q-ave has a lower level of fluctuation 
in heat generation than the flame of EQ and H2-rich. The higher concentration of CO in fuel 
composition would benefit the heat generation capability following this finding. Lastly, the 
roles of CO2 and N2 in the fluctuation level of total heat release are comparable. At the same 
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fuel rate, the similar value of dQ is found for EQ mixed with either CO2 or N2 at the same 
additional percentage except at 20% of addition and fuel rate < 0.9 SLPM.  
 
 
Figure 6-24 Fluctuation of flame temperature 
 
 
Figure 6-25 Fluctuation of total chemical heat release 
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 Stable heat generation 
Unlike the stable flame, flame temperature and total chemical heat release of oscillating 
flame fluctuate due to the impact of K-H instability. The value of Q-ave and T-ave are the 
average value without the consideration of its fluctuation. Therefore, it is unreasonable to 
conclude that the higher value of these parameters represents the higher heat generation 
capability. The fluctuation of total chemical heat release (dQ) and one of flame temperature 
(dT) are found to rely on the magnitude of oscillation (Lf). The fluctuation of flame 
temperature and total chemical heat release appears when the flame begins to oscillate. As 
seen, dQ, dT, and Lf are above zero at the same fuel rate for every fuel composition. 
Considering that the stable chemical total chemical heat release is preferable, the value of Q-
ave at the stable/flickering critical fuel rate (where Lf, dQ and dT are equal to 0) is the 
maximum stable value. The comparison of Q-ave at this condition of all studied fuel 
compositions is presented in Figure 6-26. Besides, the flame temperature at this condition is 
plotted along with Q-ave on the same figure. 
 
Figure 6-26 Maximum stable total chemical heat release and flame temperature at that condition 
Among all the studied compositions, the flame of CO-rich generates the highest maximum 
stable heat rate at 0.4 SLPM as 81 W and 2153 K. This is followed by the flame of EQ, 
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comparable rate as ~78 W. The temperature of these flames is 2118 K at 0.4 SLPM for EQ 
syngas, 1945 K at 0.5 SLPM for EQ20%CO2, and 2016 K at 0.5 SLPM for EQ+20%N2 at 
this amount of generated heat. This result expresses the role of CO, CO2, and N2, which 
encourages the stable heat generation of syngas/producer gas flame.  
The analysis also projects the fuel consumption at the maximum stable total chemical heat 
release. The consumption of CO-rich and EQ are lower than one of EQ+20%CO2, and 
EQ+20%N2. Hence, the higher concentration of CO in syngas composition benefits not only 
the heat generation capability but also fuel consumption. Conversely, the addition of CH4 
increases the value of Q-ave as discussed above. However, this action reduces the maximum 
stable heat release significantly, especially when the additional percentage is 20%. 
Consequently, the flame of EQ+20%CH4 generates the lowest maximum stable heat release 
(55 W at 2052 K) among the studied fuel compositions. 
6.4 Discussion 
The stable and unstable oscillating flames (flickering and tip-cutting flames) of 
syngas/producer gas with variety in fuel compositions are formulated in this chapter to 
project the impact of each species in fuel composition on the occurrence of flame oscillation 
and heat generation capability. The finding obtained from the oscillating flame is also 
compared with the result of the previous chapter, which focused on the stable flame of the 
same fuel composition. The role of each species is discussed as follows: 
Two major species in syngas composition (H2 and CO) play a significant role in different 
aspects according to the results presented. The advantage of having a higher concentration 
of CO over H2 in syngas composition is pointed out. Syngas with the lower H2:CO 
encourages the oscillation of the flame; however, the magnitude of oscillation (Lf) has an 
upper limit when H2:CO = 1 and will not increase further. Additionally, the flame of syngas 
with the lower H2:CO provides a higher average total chemical heat release (higher Q-ave) 
with a lower fluctuation level in heat generation (lower dQ). As a result, CO is the most 
desirable among the combustible and non-combustible species in syngas composition. 
However, this result is obtained by taking into account only the heat generation capability 
and the oscillation of the flame. The consideration of emission formation from the flame is 
excluded. In opposite, an increase in average flame temperature (higher T-ave) and the 
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fluctuation of this parameter are strongly encouraged by the concentration of H2 in syngas 
composition.  
Regarding the stable diffusion flame, having a higher concentration of CH4 in syngas 
composition is suggested since it encourages heat generation capability and reduces emission 
formation. For an unstable diffusion flame, however, CH4 promotes the magnitude of 
oscillation also the fluctuation in heat generation. Further, the concentration of CH4 in syngas 
composition raises the sensitivity level to become an unstable flame when the fuel rate 
increases. Therefore, this species is less desirable than other combustible species in syngas 
composition under the combustion condition in which oxidiser supplied is limited and the 
flame is likely to oscillate.   
The higher concentration of CO2 and N2, which are non-combustible, in syngas composition 
reduces the heat generation capability. Diluting either of these species into syngas 
composition has an advantage in the reduction of the magnitude of flame oscillation and 
fluctuation in heat generation. The result also points to the comparable role of CO2 and N2 
in various aspects such as the magnitude of oscillation (Lf), average total chemical heat 
release (Q-ave), and the fluctuation in heat generation (dQ). Nevertheless, this method 
demands further study for the suitable additional percentage that balances between the 
reduced heat generation capability and the escalated stability level.  
Analysing the CFD result with theory, the direction of the result obtained from CFD is 
expected for the flame length. According to Sato et al. [91], the higher ܴ݁ leads to the longer 
average flame length. However, the average flame length computed from the theory is almost 
double compared to the CFD result for all fuel composition. Also, the formula presented by 
Sato et al. [91] did not consider the stoichiometric ratio of fuel and oxidiser, and diffusivity. 
Therefore, the diversity in fuel composition only affects the value of Reynolds number (ܴ݁); 
the higher value of ܴ݁ leads to the higher average flame length. The formula of Sato et al. 
[91] may provide a good estimation for the oscillating flame of CH4 and C3H8 but not for 
the flame of syngas. As seen, the flame of syngas mixed with CH4 has lower ܴ݁ than CO-
rich but longer flame length. 
The result obtained is mostly in the same direction as the study in Chapter 5 where the stable 
flame of these fuel compositions is studied extensively. The impact of each species on flame 
length is almost in the same direction for stable and unstable flames. Only the impact of CO2 
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that is different since the addition of this species into the fuel composition of 
syngas/producer gas decreases the length of stable flame but increases the average length 
during the limit cycle of oscillation of an unstable flame. As a result, the relationship between 
the parameters in the flame length formula of the stable diffusion flame proposed by Roper 
[93], [94] is also valid for the average flame length of the unstable oscillating flame. The 
detail of this theory is explained in Chapter 2 while its limitation and accuracy are assessed 
and discussed in Chapter 4 and 5. 
The K-H instability and molecular diffusivity of syngas play a significant role in the flame 
movement and temperature. The mix of fuel and oxidiser at the flame front is affected 
directly by the mentioned factors resulting in the flame oscillation. This impact also leads to 
the lower flame temperature than the adiabatic flame temperature as well as the fluctuation 
of this parameter.  
The value of Richardson number (ܴ݅) is computed at the stable/flickering transition for all 
fuel compositions. It is found that the stable/flickering transition occurs at the value of ܴ݅ as 
~0.2. The exception is found from the EQ mixed with CH4 where the transition happens at 
the value of ܴ݅ of 0.35 and 0.8 for the additional percentage of CH4 as 10% and 20%, 
respectively. Thus, utilising the condition of ܴ݅ ≤ 0.25 for identifying the impact of K-H 
instability might not be effective for all the fuel composition. This finding is expected since 
the parameter ܴ݅ is typically used for computing the flow of single species without the 
consideration of combustion. The study for the critical value of ܴ݅ for specific fuel 
composition is hence suggested. Additionally, the prediction of the transition from the stable 
flame to the unstable oscillating flame for each burner would be more effective if both 
critical ܴ݁ and ܴ݅ are analysed together. Nevertheless, it is necessary to take into account 
that the value of ܴ݅ and ܴ݁ at the transition condition in this work is obtained from the flame 
without the co-flow air. The value of them could be different when the co-flow air is supplied 
since the difference of velocity at the shear layer is lower, and the impact of K-H instability 
is weaker. In this case, the flame is anticipated to oscillate at the higher ܴ݁ and lower ܴ݅. 
According to the study of Sato et al. [104], the flickering frequency depends on two 
dimensionless parameters, ܵ ݐ and ܨݎ, as presented in equation (11) and (12). Analysing these 
equations, there is no consideration of fuel composition, and the flickering frequency relies 
on fuel nozzle diameter, fuel velocity, and gravity. The result obtained in this work does not 
follow the theory of Sato et al. [104] since the higher velocity does not provide the higher 
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flickering frequency in several cases. Also, the ranges of the flickering frequency of different 
fuel composition are different as presented in the previous section. Consequently, the finding 
emphasises the impact of diversity in fuel composition on the flickering frequency which 
should not be neglected. Further study may be required for this purpose. 
6.5 Conclusion  
The stable and unstable flames of syngas/producer gas with different fuel composition are 
formulated for studying the impact of H2, CO, CH4, CO2 and N2 on the occurrence of flame 
oscillation, and the fluctuation in flame heat generation capability and temperature. The key 
conclusion is drawn and presented as bullet points as follows: 
- The flame of syngas with the lower ratio of H2:CO ratio has a higher magnitude of 
oscillation; however, the value will not increase when the ratio is lower than 1. 
Having CH4 in fuel composition of syngas significantly increase the magnitude of 
oscillation and promote the oscillation of the flame since the flame is more sensitive 
to the increase of fuel rate to become unstable. The opposite direction is found when 
CO2 and N2 are mixed with syngas.    
- CH4 and CO play a significant role in the increase in heat generation capability. CH4 
has a stronger role than CO on this aspect. Nevertheless, the higher concentration of 
CH4 in fuel composition promotes the fluctuation in heat generation strongly. CO is 
hence the most desirable species among the combustible species in syngas 
composition since it could provide a lower level of fluctuation. 
- The role of the higher diffusive property of H2 on an increase of flame temperature 
is significant. This impact combines with the K-H instability resulting in the higher 
fluctuation level of flame temperature. 
- The impact of H2, CO, CH4, CO2 and N2 are mostly in the same direction for the 
stable and unstable oscillating flames of syngas/producer gas. An exception is seen 
from the effect of CO2 on the flame length; the dilution of this species causes the 
reduction of flame length (Hf) in stable flame but rises average flame length (Hf-ave) 
of unstable flame 
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Chapter 7 Elimination of flame instability 
The oscillation phenomenon in the buoyancy dominated laminar co-flow diffusion flame 
could be reduced and eliminated by increasing the flow rate of oxidiser supplied into 
combustion. The co-flow air supplied decreases the difference velocity at the shear layer 
where the K-H instability occurs; thus, the impact of K-H instability is lower and the flame 
is more stable. The diversity in fuel composition of syngas/producer gas causes a different 
level of flame instability, as reported in Chapter 6. The flame of syngas/producer gas hence 
demands the control of oxidiser for combustion so that the stability of the flame is 
maintained.  
The study in this chapter particularly focuses on this topic along with an impact of the fuel 
composition on the reduction and disappearance of flame oscillation. The specific objective 
is to project the role of each species in this phenomenon and identify the species that 
encourage the impact of co-flow air on the reduction and disappearance of flame oscillation. 
The species that promote the impact of co-flow air is more desirable. Besides, how the 
reduction and elimination of flame oscillation affect the level of fluctuations of flame 
temperature and total chemical heat release are included in this investigation. Lastly, the 
study result is discussed, and the conclusion is provided. 
7.1 Introduction 
An impact of diversity in fuel composition on an occurrence of flame oscillation in syngas 
laminar diffusion flame was studied in the previous chapter. The K-H instability due to the 
impact of the buoyancy force of the fluid is the major cause. The difference velocity at the 
shear layer results in the vortices in which affects the mix of fuel and oxidizer. Thus, the 
flame oscillates at the flickering frequency between 10 and 13 Hz. The study in Chapter 6 
considers the laminar diffusion flame without the co-flow air rate. Hence, the onset of K-H 
instability is encouraged with the aim of studying the impact of variations in syngas 
composition on this phenomenon. In this chapter, the co-flow air rate is supplied into the 
combustion. The difference of the velocity at the shear layer is lower and the K-H instability 
level is reduced and finally disappeared. The impact of diversity in syngas composition on 
this phenomenon is projected by comparing the result obtained from different syngas 
composition.  
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The vortex dynamic and structure of the oscillating flame of diffusion flame with co-flow 
air was studied by Wang et al. [90]. The result expressed the impact of co-flow air which 
escalates the initiation point of toroidal vortices from the nozzle exit to downstream. The 
oscillation of the flame disappears, and the flame becomes stable when the position of the 
vortices is pushed beyond the visible flame height. This finding is supported by the study of 
Darabkhani et al. [88] as the higher co-flow air velocity reduce the flame oscillation and 
increases the flickering frequency. Based on these results, the difference in the velocity at 
the shear layer is not the only factor affecting an occurrence of flame oscillation. The visible 
flame height is also significant as the longer average flame length would demand the higher 
air rate to push the initiation point of toroidal vortices outside the visible flame and become 
stable.  
The results reported in Chapter 5 and 6 points to the role of each species in syngas 
composition on the flame length and average flame length. Therefore, each species affects 
the minimum demand of air rate to become stable differently. In opposite, an excessive 
amount of air rate could affect the flame extinction called ‘blow out’ [151]. Also, the higher 
co-flow air rate supplied into combustion requires the higher power input, which could be 
immoderate to drive the higher velocity of the air stream. The estimation for the proper 
amount of co-flow air supplied is hence significant.  
The CFD model formulated in Chapter 6 remains the same for this work. The burner 
configuration is designed for projecting and examining the oscillation of buoyancy 
dominated laminar diffusion flame [88]. The validation and formulation of this CFD model 
were already presented in that chapter. The model was capable of predicting the stable and 
unstable oscillating flames with a similar result compared to the experimental method. In 
this chapter, a tip-cutting flame is initially formulated at the maximum value of the 
magnitude of oscillation without any co-flow air supplied for combustion (i.e. air rate = 0 
SLPM), and the ambient air is an oxidiser of the combustion. From this condition, the fuel 
rate is fixed while the co-flow air rate is escalated. This action results in the transformation 
from tip-cutting to flickering and stable flames, respectively. In other words, the magnitude 
of oscillation reduces, and the flame oscillation is eliminated once the air rate is sufficient. 
The reduction profiles of the magnitude of oscillation (Lf) and oscillation wavelength (λ) of 
various syngas composition are analysed for the role of each species in syngas composition. 
The tip-cutting flame becomes flickering flame when λ = 0 while the flicker transforms to a 
stable flame when Lf = 0. Along with the reduction and disappearance of flame oscillation, 
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the fluctuation of flame temperature and total chemical heat release decreases and disappears 
once the flame is stable. The impact of the variation in syngas/producer gas composition on 
these aspects is also included in the analysis. 
7.2 Numerical approach 
The co-flow burner of Darabkhani et al. [88] is modelled by CFD and utilised in this work. 
Details of the formulation and validation of this CFD model were presented in Chapter 6 and 
will not be repeatedly presented. This CFD model could formulate the stable, flickering, and 
tip-cutting flame with a similar result compared to the experimental method. The model 
supports the diffusion flame modelling of gas fuel consisting of combustible species H2, CO, 
and CH4 and allows the variation in fuel composition and flow rate of fuel and co-flow air. 
The fuel compositions of syngas/producer gas in this study are also the same as the fuel 
composition defined in Chapter 6. These are H2, CO-rich, EQ, H2-rich, EQ+10%CH4, 
EQ+20%CH4, EQ+10%CO2, EQ+20%CO2, EQ+10%N2, and EQ+20%N2. The details 
regarding the concentration percentage of each species in fuel compositions are shown in 
that chapter. Briefly, CO-rich, EQ and H2-rich are pure syngas with H2:CO ratio as 1:3, 1:1, 
and 3:1. The other fuel compositions are EQ mixed with either CH4, CO2, or N2 at 10 and 
20%. The analysis of the results obtained from the flames of these fuel compositions 
provides the impact of each species. For instance, comparing the result of pure syngas (CO-
rich, EQ and H2-rich) and H2 flames reveals the impact of H2 and CO. The analysis of the 
result of the other fuel compositions by using the result of EQ syngas as a reference expresses 
the impact of CH4, CO2 and N2. 
The flame is formulated at the fixed fuel rate of 1.2 SLPM for all the simulation cases while 
the co-flow air rate is varied between 0 and 20 SLPM. At this fuel rate, the flame is buoyancy 
dominated according to the flame Froude number (ܨݎ௙). The ambient air is an oxidiser at 0 
SLPM of co-flow air rate. Without the co-flow air supplied (0 SLPM of air rate), the flame 
formulated at 1.2 SLPM of fuel rate is a tip-cutting flame with the maximum magnitude of 
oscillation (maximum Lf) and oscillation wavelength (λ). Once the co-flow air rate increases, 
the tip-cutting flame transforms to flickering and stable flames at a different air rate 
depending on the fuel composition. The reduction of the magnitude of oscillation (Lf) and 
the oscillation wavelength (λ) and the disappearance of flame oscillation are hence illustrated 
at this range of fuel and air rate. 
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7.3 Impact of fuel composition 
The study examines the impact of fuel composition on the flame oscillation, characteristics, 
and heat generation capability with an effect of co-flow air rate. Firstly, the flame structure, 
movement, and the average value of flame temperature and total chemical heat release are 
analysed. Secondly, the demand for air rate to transform the flame from one flame type to 
another type is presented in the form of transition air flow rate. Thirdly, decreasing profiles 
of the magnitude of oscillation (Lf) and oscillation wavelength (λ) are studied for 
understanding the reduction and disappearance of flame oscillation and tip-cutting 
phenomenon. Lastly, the reduction and disappearance of the fluctuation of flame temperature 
and the total chemical heat release are examined. Besides, the result obtained in Chapter 6, 
which focused on an occurrence of flame oscillation of various syngas composition, is the 
guideline and reference in the analysis. 
 Flame characteristics and heat generation  
Flame movement and structure are initially analysed through a set of temperature contour 
plots. The series of contour plots projecting these aspects of the tip-cutting flame of CO-
rich, EQ, H2-rich, H2, EQ+10%CH4, EQ+10%CO2, and EQ+10%N2 at 1.2 SLPM of fuel 
rate and 0 SLPM of air rate were presented in Figure 6-15 and Figure 6-16. This fuel and air 
rate formulate the oscillating flame with the highest magnitude of oscillation (Lf) and 
oscillation wavelength (λ). To project the impact of co-flow air, the tip-cutting flame of these 
fuel compositions at 1.2 SLPM of fuel rate and 3 SLPM of air rate are shown in Figure 7-1 
and 7-2. The movement and structure (the distribution of the temperature of the visible 
flame) of the tip-cutting flame of all the fuel compositions presented in these figures are 
similar. So, the impact of the co-flow air rate as well as the impact of the fuel composition 
on the movement and structure of the tip-cutting flame could be neglected. 
For the movement of the tip-cutting flame, the flame size and length increase to the 
maximum value then the tip-cutting at the flame body occurs, causing a reduction in the 
flame length significantly. Then, the flame length and size increase slightly and decrease to 
the minimum value. The structure of the tip-cutting flame changes during the limit cycle of 
oscillation. The high-temperature area (> 1900 K) is above the fuel tube at the beginning of 
the limit cycle. This high-temperature area moves upward following the flame front line to 
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the axis. During the movement, the temperature decreases, and the new high-temperature 
area is formed at the original location after the occurrence of tip-cutting. 
Once the higher co-flow air rate is supplied, the tip-cutting flame transforms into the 
flickering flame. The co-flow air flow rate in which the transition occurs is found to be 
different for each the fuel composition. The temperature contours illustrating the movement 
and structure of flickering flame of CO-rich, EQ, H2-rich, H2, EQ+10%CH4, EQ+10%CO2, 
and EQ+10%N2 are presented in Figure 7-3 and Figure 7-4. The movement of the flickering 
flame is in the same direction for all the fuel composition. However, the structure is different 
depending on the H2:CO in fuel composition. The flame length and size increase from the 
minimum to the maximum and reduces back to a minimum during the limit cycle of 
oscillation. The high-temperature area (> 1900 K) is on the top of the flame for syngas with 
H2:CO ≤ 1 whereas this area is above the fuel tube for syngas with H2:CO > 1 and H2. The 
small change in flame structure is observed during the limit cycle of oscillation. This high-
temperature area only extends and reduces upward and downward; the area does not move 
to the axis like a tip-cutting flame. The finding is the same for the flickering flame formulated 
without a co-flow air supplied in Chapter 6. Thus, the co-flow air does not affect the 
movement and structure of this flame type. 
The flame becomes stable once the co-flow air rate is sufficient, and this transition is again 
observed at the different air rate depending on the fuel composition. The stable flames of 
CO-rich, EQ, H2-rich, H2, EQ+10%CH4, EQ+10%CO2, and EQ+10%N2 are presented in 
Figure 7-5 and Figure 7-6. The structure of the stable flame is similar to the flickering flame. 
The high-temperature area is at the top of the flame for syngas with H2:CO ≤ 1, and it is over 
the fuel tube for syngas with H2:CO > 1 and H2. There no change in flame structure over 
time. Also, the structure of the stable flame of each composition is in the same direction as 
found in Chapter 5 and 6 where the stable flames with and without co-flow air supplied were 
studied.  
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CO-rich 
(Tmax = 
2200 K) 
 
EQ 
(Tmax = 
2190 K)  
 
H2-rich 
(Tmax = 
2227 K) 
 
H2 
(Tmax = 
2284 K) 
 
Figure 7-1 Tip-cutting flame of pure syngas (CO-rich, EQ, and H2-rich) and H2 at fuel rate = 1.2 SLPM and 
air rate = 3 SLPM 
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EQ+10% 
CH4 
(Tmax = 
2153 K) 
 
EQ+10% 
CO2 
(Tmax = 
2091 K) 
 
EQ+10% 
N2 
(Tmax = 
2138 K) 
 
Figure 7-2 Tip-cutting flame of EQ syngas mixed with either CH4, CO2, and N2 at fuel rate = 1.2 SLPM, air 
rate = 3 SLPM 
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CO-rich 
(Tmax = 
2184 K) 
 
EQ  
(Tmax = 
2167 K) 
 
H2-rich 
(Tmax = 
2210 K) 
 
H2 
(Tmax = 
2268 K) 
 
Figure 7-3 Flickering flame of pure syngas (CO-rich, EQ, and H2-rich) and H2 at fuel rate = 1.2 SLPM and 
air rate = 9 SLPM 
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EQ+10% 
CH4 
(Tmax = 
2123 K) 
 
EQ+10% 
CO2 
(Tmax = 
2071 K) 
 
EQ+10% 
N2 
(Tmax = 
2106 K) 
 
Figure 7-4 Flickering flame of EQ syngas mixed with either CH4, CO2, or N2; fuel rate = 1.2 SLPM and air 
rate = 15 SLPM for EQ+10%CH4, and fuel rate = 1.2 SLPM and air rate = 6 SLPM for EQ+10%CO2 and 
EQ+10%N2 
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CO-rich 
(Tmax = 2184 K) 
EQ 
(Tmax = 2159 K) 
H2-rich 
(Tmax = 2197 K) 
H2 
(Tmax = 2247 K) 
Figure 7-5 Stable flame of pure syngas (CO-rich, EQ, and H2-rich) and H2 at fuel rate = 1.2 SLPM and air 
rate = 20 SLPM 
 
   
EQ+10%CH4 
(Tmax = 2121 K) 
EQ+10%CO2 
(Tmax = 2071 K) 
EQ+10%N2 
(Tmax = 2110 K) 
Figure 7-6 Stable flame of EQ syngas mixed with either CH4, CO2, and N2 at fuel rate = 1.2 SLPM and air 
rate = 20 SLPM 
According to the results obtained from the temperature contours, the movement and structure 
of the syngas/producer gas flames rely strongly on the H2:CO and flame type 
(stable/flickering/tip-cutting). The co-flow air rate affects the transition between the flame 
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types but does not influence the structure of the flame. Following the transition, the 
movement and structure of stable and flickering flame rely on H2:CO. Both the movement 
and structure of tip-cutting flame are not influenced by the fuel composition. The average 
flame length (Hf-ave), temperature (T-ave), and chemical heat release (Q-ave) are computed for 
further projecting the impact of the fuel composition and co-flow air on the flame 
characteristics at a deeper level. The flame length, temperature, and total chemical heat 
release changing over the limit cycle of oscillation are monitored and extracted for their 
minimum and maximum values, and the tip-cutting position. The method used for extracting 
and calculating Hf-ave, T-ave, and Q-ave were already explained in Section 6.2.5 of Chapter 6.  
 
 
Figure 7-7 Average flame length (Hf-ave) 
The profiles of Hf-ave of all the studied fuel compositions are compared in Figure 7-7. The 
impact of H2, CO, CH4, CO2 and N2 on this parameter are in the same direction as the finding 
in Chapter 5 and 6. That is, at the same air rate, the longer Hf-ave is obtained from syngas 
with a lower H2:CO ratio and from producer gas with a higher concentration of CH4. The 
impact of co-flow air is observed as the value of Hf-ave is lower when the air rate supplied 
into combustion is larger for most of the fuel compositions. The result, therefore, implies 
that the average flame length of an unstable flame is longer when the magnitude of 
oscillation (Lf)  is higher. Nevertheless, this finding is not valid for EQ+20%CH4, since its 
profile of Hf-ave escalates along with an increase of the air rate, and the fluctuation of this 
parameter is seen when the flame is unstable (air rate < 17 SLPM). 
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The reduction or increasing rate of Hf-ave is also computed to examine the level of the impact 
of each species. The species causing the higher reduction gradient encourages the impact of 
co-flow air at a stronger level. Syngas/producer gas with a lower ratio of H2:CO has a higher 
reduction rate of the Hf-ave profile. The reduction rate of CO-rich (H2:CO = 1:3) is 0.32 mm-
SLPM-1, which is higher than that of EQ (0.3 mm-SLPM-1), and H2-rich (0.25 mm-SLPM-
1). This direction of the result is supported by the lower reduction rate computed from the 
flame of H2 (0.2 mm-SLPM-1). Also, all the fuel compositions with H2:CO = 1, e.g. EQ 
mixed with either CO2 or N2 have a similar reduction rate as EQ syngas (~0.3 mm-SLPM-
1). For EQ+20%CH4 and EQ+10%CH4, the previous composition has an increasing rate of 
0.37 mm-SLPM-1 whereas the latter one has a significantly low reduction rate of 0.05 mm-
SLPM-1. As a result, CO and CH4 affect the average flame length at a slightly stronger level 
than the other species but in the opposite direction as they cause a higher reduction and 
increasing rate, respectively.  
 
 
Figure 7-8 Average flame temperature (T-ave) 
A similar approach as the analysis of flame length is processed for the study of flame 
temperature. The average flame temperature during the limit cycle of oscillation (T-ave) is 
computed and compared in Figure 7-8. In this figure, the profile of T-ave is plotted against 
the co-flow air rate supplied into combustion. When the amount of air rate is equal, the 
higher H2:CO ratio leads to the higher value of T-ave while the higher concentration 
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percentage of CH4, CO2, and N2 result in the lower value of T-ave. The result also projects the 
stronger impact of CO2 than N2 and CH4 respectively since the value of T-ave of EQ mixed 
with CO2 is lower than EQ mixed with either N2 or CH4 at the same additional percentage. 
This finding confirms the role of each species on flame temperature reported in Chapter 5 
and 6. Considering the profile of T-ave, the value of this parameter slightly reduces when the 
air rate is higher for most of the studied fuel compositions. The average temperature of the 
stable flame is hence lower than that of the unstable flickering flame for the same fuel 
composition. The different direction of the result is observed from the T-ave profile of CO-
rich syngas since its value of T-ave rises along with an increase of air rate. It is also noticed 
that the value of T-ave of EQ syngas and CO-rich syngas are equal at the air rate below 4 
SLPM where their flame types are tip-cutting.  
The reduction or increasing profile of T-ave is further analysed for understanding the level of 
impact of each species through the reduction or increasing rate of this parameter. It is noticed 
that the ratio of H2:CO plays a significant role in the average flame temperature. The uptrend 
is found from syngas with H2:CO < 1, while the downtrend is seen from one with H2:CO≥ 
1. An increasing rate for an uptrend profile of CO-rich syngas is 1.25 K-SLPM-1. The 
reduction rate of EQ syngas (0.65 K-SLPM-1) is higher than that of H2 rich syngas (0.25 K-
SLPM-1), and this direction of the result is supported by the lower rate of H2 flame (0.2 K-
SLPM-1). A higher reduction rate is found when the percentage of CH4 in fuel composition 
is higher. EQ+10%CH4 has a reduced rate of T-ave as 0.95 K-SLPM-1, which is lower than 
the rate computed from EQ+20%CH4 (1.2 K-SLPM-1). Conversely, the reduction rate of T-
ave of EQ mixed with CO2 is lower when the additional percentage is higher. EQ+10%CO2 
and EQ+20%CO2 have a decreasing rate of T-ave as 0.7 and 0.4 K-SLPM-1, respectively. The 
addition of N2 also affects a lower reduction rate of T-ave; nevertheless, the level is weaker 
than the addition of CO2. The comparable rate of ~0.5 K-SLPM-1 is computed from the 
downtrend profile of EQ+10%N2 and EQ+20%N2. According to this finding, CH4 and CO 
again encourage the impact of co-flow air on the flame temperature at a stronger level than 
the other species. CH4 assists the reduction of T-ave when the air rate is higher while the 
opposite direction is obtained from the role of CO. 
The average total chemical heat release (Q-ave) of all the studied fuel compositions during 
the limit cycle of oscillation is presented in Figure 7-9. At the same air rate, the lower H2:CO 
and the higher CH4 concentration cause the higher value of Q-ave, whereas the higher CO2 
and N2 concentration play an equal role in the reduction of this parameter. This finding is 
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also in the same direction as the result of Chapter 5 and 6. The pattern of Q-ave profile is 
similar for most fuel composition. The value of Q-ave is almost stable, although the higher air 
rate is supplied into combustion. The result is, however, slightly different for H2 and H2-rich 
syngas, where their values of Q-ave decrease along with an increase of the air rate. The 
decreasing rate of the profile of Q-ave is hence computed for only H2 and H2-rich as 0.25 and 
0.2 W-SLPM-1, respectively. According to this, H2 encourages the impact of co-flow air on 
the total chemical heat release at a stronger level than the other species.   
 
 
Figure 7-9 Average total chemical heat release (Q-ave) 
 Transition air flow rate 
The profile of the flame length changing over time are extracted for the magnitude of 
oscillation (Lf), and the oscillation wavelength (λ). The definition of these parameters and 
the calculation method were already presented in Chapter 6. The type of flame is identified 
based on the value of these parameters. The stable flame has Lf and λ equal to zero, the 
flickering flame has Lf > 0 and λ = 0, and the tip-cutting flame has both Lf and λ above zero. 
By applying this criterion, the types of flame at each fuel and air rate of all the studied fuel 
composition are presented in Table 7-1. The table reveals the critical air rate, in which the 
transition between the flame types occurs. The transition air rate is defined as the minimum 
air rate required for the flame to transform from one flame type to another type. Hence, there 
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are two types of transition air flow rate depending on the flame type: (i) tip-cutting/flickering 
(ܣ݅ݎ௧→௙) and (ii) flickering/stable (ܣ݅ݎ௙→௦).  
Table 7-1 Flame type at each fuel and air rate 
 
Pure syngas (CO-rich, EQ, and H2-rich) with a higher H2:CO ratio requires a larger amount 
of air rate for both types of transition. As seen, CO-rich syngas has a lower ܣ݅ݎ௧→௙ and ܣ݅ݎ௙→௦  
(7 and 11 SLPM respectively) than EQ and H2-rich. EQ and H2-rich has an equal ܣ݅ݎ௧→௙ at 
8 SLPM but different ܣ݅ݎ௙→௦ . The value of ܣ݅ݎ௙→௦ of EQ (13 SLPM) is lower than that of 
H2-rich (15 SLPM). The result obtained from H2 is in the same direction for ܣ݅ݎ௙→௦  but not 
for ܣ݅ݎ௧→௙. The value of ܣ݅ݎ௧→௙ of H2 (5 SLPM) is lower than that of the pure syngas but 
ܣ݅ݎ௙→௦ of this fuel is higher. The flame of EQ mixed with CH4 demands the higher rate for 
both types of the transition than the other fuel compositions. As seen, the higher 
concentration percentage of CH4 in fuel composition increases the value of ܣ݅ݎ௧→௙ and 
ܣ݅ݎ௙→௦ compared to ones of EQ syngas. At the tip-cutting/flickering transition, ܣ݅ݎ௧→௙ of 
EQ+10%CH4 (15 SLPM) and EQ+20%CH4 (18 SLPM) are significantly higher than that of 
the reference flame EQ (8 SLPM). The same direction of the result is found at the 
flickering/stable transition. E.g. EQ+10%CH4 and EQ+20%CH4 have ܣ݅ݎ௙→௦ at 17 SLPM 
and 19 SLPM, respectively. According to this, the impact of CH4 on ܣ݅ݎ௧→௙ and ܣ݅ݎ௙→௦ is 
stronger when the additional percentage is higher. 
In opposite, adding CO2 or N2 to syngas reduces the value of ܣ݅ݎ௧→௙ and ܣ݅ݎ௙→௦, and the 
higher additional percentage of them causes the lower value of these parameters. The 
comparable role of both species is found at the tip-cutting/flickering transition since 
ܣ݅ݎ௧→௙of EQ mixed with CO2 and EQ mixed with N2 are equal as 6 SLPM at 10% of addition 
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and 4 SLPM at 20%. The different level of the impact of these species is observed at the 
flickering/stable transition. The value of ܣ݅ݎ௙→௦ of EQ mixed with CO2 is lower than EQ 
mixed with N2 when the additional percentage is equal. For example, the value of ܣ݅ݎ௙→௦ of 
EQ+10%CO2 (10 SLPM) is lower than EQ+10%N2 (11 SLPM). Also, EQ+20%CO2 has the 
lower ܣ݅ݎ௙→௦ (6 SLPM) than EQ+20%N2 (9 SLPM).  
In addition, the value of ܣ݅ݎ௧→௙ projects the range of air rate that the flame is tip-cutting. The 
difference between the value of ܣ݅ݎ௧→௙ and ܣ݅ݎ௙→௦ reveals the range of air rate that the flame 
is flickering. The flame of EQ+20%CH4 is found to be a tip-cutting flame in the largest range 
of air rate (0 - 17 SLPM) followed by EQ+10%CH4 (0 - 14 SLPM). On the other hand, the 
flame of H2 is flickering in the largest range of air rate (5 – 14 SLPM) followed by H2-rich 
syngas (8 – 14 SLPM). This information provides the possibility of flame type when the 
higher air rate is supplied into combustion but insufficient to eliminate the instability. For 
instance, an increase of air rate in syngas with the higher H2:CO ratio has a higher possibility 
that the flame is flickering. Also, processing the same action on EQ+20%CH4 has a higher 
chance that the flame is tip-cutting. 
 The disappearance of flame oscillation 
The analysis of the transition air rate shows that the different amount of air rate is required 
for different fuel composition for the transition between flame types. The profile of 
magnitude of oscillation (Lf), and the oscillation wavelength (λ) is analysed in this section. 
The profiles of these parameters are plotted against the co-flow air rate, as presented in 
Figure 7-10a-b. The different profiles of Lf and λ of each fuel composition are observed. The 
maximum value of these parameters is at 0 SLPM of air rate for all the studied fuel 
composition. Due to this, the combustion at fuel rate = 1.2 SLPM and air rate = 0 SLPM 
formulates the tip-cutting flame with the highest value of Lf and λ. The profiles pattern of Lf 
and λ are in the same direction; the values of them are lower when the co-flow air rate 
increases. The profile of Lf approaches zero at the air rate equal to ܣ݅ݎ௙→௧, while one of λ is 
zero at the air rate equal to ܣ݅ݎ௧→௙. Furthermore, it is noticed from the profile of Lf of each 
fuel composition that the reduction rate is lower when the flame is a tip-cutting. 
 
Chapter 7 - Elimination of flame instability 
 
163 
 
 
 
 
Figure 7-10 (a) the magnitude of oscillation (Lf), and (b) Oscillation wavelength (λ) 
As the maximum values of Lf and λ of different fuel compositions (at 0 SLPM of air rate) 
are different, the analysis of the impact of fuel composition is processed based on the average 
reduction rate of Lf and λ profile. This method reveals the impact of each species on the 
reduction of the degree of flame oscillation and tip-cutting phenomenon. One affecting the 
higher reduction rate is considered to assist the co-flow air in the reduction of the magnitude 
of oscillation and level of tip-cutting phenomenon at a stronger level. For pure syngas, the 
highest reduction rate of Lf is computed from CO-rich syngas (3.45 mm-SLPM-1) followed 
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by EQ syngas (2.93 mm-SLPM-1), and H2-rich syngas (2.33 mm-SLPM-1). The similar result 
is found from the reduction rate of λ. CO-rich syngas has a higher reduction rate (4.71 mm-
SLPM-1) than EQ syngas (4.13 mm-SLPM-1), and H2-rich syngas (3.5 mm-SLPM-1). This 
result projects the role of CO, which is stronger than H2 on a reduction of the degree of flame 
oscillation as well as the tip-cutting phenomenon. The reduction rate of H2 flame of Lf 
supports this direction of the result; nevertheless, the reduction rate of λ of this fuel is in a 
different direction. The reduction rate of Lf of H2 flame (1.93 mm-SLPM-1) is lower than all 
the pure syngas, but the reduction rate of λ (4.6 mm-SLPM-1) of this fuel is higher than that 
of EQ and H2-rich syngas. 
In Figure 7-10a-b, the flame of EQ mixed with CH4 has the highest and the second-highest 
maximum Lf and λ among the studied fuel compositions. The maximum value of Lf at 0 
SLPM of air rate of EQ+20%CH4 and EQ+10%CH4 are 61 and 52 mm, respectively, while 
one of λ at this air rate is 51 and 46 mm in order. The reduction rates of the profile of Lf and 
λ are computed for these fuel compositions. The higher CH4 concentration increases the 
reduction rate of Lf but decreases the reduction rate of λ. The reduction rate of Lf of 
EQ+20%CH4 is 3.21 mm-SLPM-1, and it is higher than one of EQ+10%CH4 (3.05 mm-
SLPM-1). On the other hand, EQ+20%CH4 has a lower reduction rate of λ (2.9 mm-SLPM-
1) than EQ+10%CH4 (3 mm-SLPM-1). The addition of CH4 to syngas composition is 
considered to assist the reduction of flame oscillation level (decrease of Lf) since the 
reduction rate of Lf of EQ mixed with CH4 is higher than one of EQ syngas. However, the 
addition of CH4 results in the opposite direction for the tip-cutting phenomenon. The lower 
reduction rate of λ of EQ mixed with CH4 than EQ syngas expresses that this species does 
not encourage the impact of co-flow air on the reduction of the level of tip-cutting 
phenomenon.  
Comparable role of CO2 and N2 is observed on the reduction of tip-cutting level (reduction 
of λ). The profiles and reduction rates of λ of EQ with CO2 and EQ mixed with N2 are 
comparable at the same additional percentage as seen in Figure 7-10b. EQ+10%CO2 and 
EQ+10%N2 have the reduction rate of λ as 4.6 mm-SLPM-1, and the rate is slightly higher 
for EQ+20%CO2 and EQ+20%N2 (4.7 mm-SLPM-1). On the other hand, the stronger role of 
CO2 over N2 is found in the reduction of flame oscillation level (reduction of Lf) in Figure 
7-10a. The reduction rate of Lf of EQ mixed with CO2 is 3.5 and 4.83 mm-SLPM-1 at 10% 
and 20% of the additional percentage. The rate is lower for EQ mixed with N2; 3.18 and 3.63 
mm-SLPM-1 at 10% and 20%, respectively. Therefore, adding CO2 or N2 into the 
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composition of EQ syngas assists the reduction and disappearance of flame oscillation also 
tip-cutting phenomenon. The reduction gradient of Lf and λ are higher when either CO2 or 
N2 is mixed with EQ syngas compared to that of EQ syngas without additional species. 
Further, the higher additional percentage of CO2 or N2 leads to a stronger level of impact. 
The flickering frequency (F) is another parameter representing the behaviour of the unstable 
laminar diffusion flame. It is defined as the number of limit cycles of oscillation per second. 
The value of F could be computed from the flame length profile changing over time. It is the 
inverse proportion of the period per the limit cycle. However, this method has a limitation 
for stable flame since the flame length profile of this flame type is constant over time. The 
relation between F and co-flow air rate is direct proportion, and the profile is almost linear, 
as seen in Figure 7-11. This result refers to the higher flickering frequency when the flame 
has a lower level of oscillation (more stable). For pure syngas, the value of F is higher for 
the syngas with the lower H2:CO ratio at the same air rate. The value of F of CO-rich is 
higher than that of EQ, H2-rich, and H2, respectively. The addition of CH4 to syngas 
composition decreases the value of F while diluting the syngas composition with either CO2 
or N2 results in the higher value of F. The impact of CO2 is stronger than N2 on this aspect. 
The result emphasises the role of CO, CO2, and N2 on an assist of the reduction and 
elimination of flame oscillation since a higher F is obtained from the fuel composition 
having the higher concentration of these species.  
An increasing rate of the profile of F of all the studied fuel composition is calculated. The 
higher rate is found from syngas with the higher H2:CO ratio. The rate computed from H2-
rich (0.39 Hz-SLPM-1) is higher than EQ (0.38 Hz-SLPM-1), and CO-rich (0.36 Hz-SLPM-
1), respectively. This finding is supported by the higher increasing rate of H2 flame (0.43 Hz-
SLPM-1) than all the pure syngas. It is also noticed that the syngas with a higher H2:CO ratio 
has a higher increasing rate of F profile, although its value of F is lower than the syngas with 
the lower H2:CO ratio. Thus, it is possible that F of H2 flame and syngas with the higher 
H2:CO will be higher than syngas with the lower ratio at the higher co-flow air rate where 
the flame is stable. For the additional species, the addition of CH4 decreases the increasing 
rate of the profile of F of EQ to 0.33 and 0.34 Hz-SLPM-1 at 10% and 20 %. The opposite 
direction is observed from the addition of either CO2 or N2. EQ+10%CO2 and EQ+10%N2 
have an equal rate as 0.42 Hz-SLPM-1, and the rate increases to 0.52 Hz-SLPM-1for 
EQ+20%CO2 and EQ+20%N2. According to this, the higher concentration of H2, CO2 and 
N2 assist the impact of co-flow air on the increase of flickering frequency.  
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Figure 7-11 Flickering frequency (F) 
 The fluctuation of temperature and heat generation 
The K-H instability due to the buoyancy force is the primary cause of the flame oscillation 
and the fluctuation in the heat generation (dQ) and flame temperature (dT). These parameters 
of the flame of different compositions are compared, as seen in Figure 7-12 and Figure 7-13, 
respectively. The method of calculation of these parameters was also presented in Chapter 
6. The larger difference between the maximum and minimum values of the total chemical 
heat release and flame temperature leads to the higher value of dQ, and dT, respectively. By 
this definition, the higher value of them implies to the higher level of fluctuation. 
In Figure 7-12, the profile pattern of dQ is similar to the profile pattern of Lf for the flame of 
the same fuel composition. The value of dQ reduces from the maximum value at 0 SLPM 
and approaches zero at the same air rate as the profile of Lf. Therefore, the disappearance of 
the fluctuation in chemical heat release occurs when the flame is stable. The species that 
encourages the reduction and elimination of magnitude of oscillation also decrease the 
fluctuation of chemical heat release. However, the flame having a higher Lf is not necessary 
to provide a higher value of dQ at the same air rate. For instance, at 0 SLPM of air rate, the 
flame of H2 has a higher value of dQ but a lower value of Lf than the flame of pure syngas 
(CO-rich, EQ, and H2-rich). The reduction rate of dQ profile is computed and compared for 
further details. However, it is necessary to take into account that the rate only represents the 
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profile pattern of dQ, and the profile of Lf dominates the disappearance of this parameter. 
The decreasing rate is found between 5 and 7.1 W-SLPM-1, and the highest rate is computed 
from EQ+20%CH4 (7.1 W-SLPM-1) followed by EQ+10%CH4 and EQ+20%CO2 at 5.9 W-
SLPM-1. The reduction rate of the other fuel compositions is similar at ~5 W-SLPM-1. 
 
 
Figure 7-12 Fluctuation of total chemical heat release (dQ) 
Similar to the profile of dQ, the profile of dT has the maximum value at 0 SLPM of air rate 
and approaches zero at the same air rate as the profile of Lf. However, the profile of dQ and 
dT have a different pattern. Along with an increase in air rate, the value of dT reduces then 
increases slightly and decreases again to zero, as seen in Figure 7-13. This pattern is obtained 
from most of the fuel compositions except for CO-rich and EQ+20%CO2 as their profiles 
decrease directly and significantly to zero. At 0 SLPM, the highest level of fluctuation is 
computed from the flame of H2 followed by H2-rich and CO-rich. Similar to the analysis of 
dQ, the decreasing rate of dT only projects the profile pattern. The average reduction rate of 
dT profile of pure syngas (CO-rich, EQ, and H2-rich) are similar as ~5.5 K-SLPM-1. EQ 
mixed with CH4 at 10% and 20 % have a comparable reduction rate of dT (2.3 K-SLPM-1). 
The reduction rate of EQ mixed with CO2 or N2 is lower than the rate of EQ. The rate is 3.5 
and 4.2 K-SLPM-1 for the addition of CO2 at 10% and 20%, respectively. The similar rate is 
computed as 3.3 and 4.8 K-SLPM-1 for EQ+20%N2 and EQ+10%N2. 
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Figure 7-13 Fluctuation of flame temperature (dT) 
7.4 Discussion 
The CFD model is used for studying the impact of fuel composition of syngas/producer gas 
on the reduction and disappearance of flame oscillation. The key findings are discussed as 
follow: 
At the higher co-flow air rate, the impact of K-H instability and flame oscillation is weaker. 
The profile of T-ave, H-ave and Q-ave obtained from different fuel composition also expresses 
the role of K-H instability and flame oscillation on flame characteristics. The higher impact 
of K-H instability at the lower air rate leads to the larger range of movement of the flame 
(larger magnitude of oscillation) and hence the longer average flame length (H-ave). 
Similarly, the mix between fuel and oxidiser is encouraged by the K-H instability resulting 
in the higher average temperature at the lower co-flow air rate. For the total chemical heat 
release, the impact of K-H instability and flame oscillation is weak as the average total 
chemical heat release only change slightly at the higher air rate. On the other hand, the result 
also expresses that the impact of each species on T-ave, H-ave and Q-ave are stronger than the 
impact of K-H instability and flame oscillation. The details regarding the role of each species 
on these parameters are presented in Chapter 5.  
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Utilising the Richardson number (equation (9)) for explaining the oscillating flame might 
not be effective as discussed in the previous chapter. According to the result reported in Ref 
[88], [90], the longer flame is expected to demand the larger air flow rate to push the vortices 
outside the visible flame so the flame becomes stable. In this work, the condition is valid for 
CH4 flame and syngas with H2:CO = 1. Apart from this, the flame of CO-rich syngas 
demands less air rate to become stable although it is longer than H2-rich and H2 flame. 
According to this, the assumption could be made as the high diffusive property of H2 might 
encourage the K-H instability causing more difficulty for the co-flow air to push the vortices 
outside the visible flame. This assumption could also be used for explaining the role of H2 
as its higher diffusive property encourages the K-H instability causing the larger demand of 
air rate than CO to eliminate the flame oscillation. 
Diversity in fuel composition has an impact on a different level of magnitude of oscillation 
in unstable oscillating flame. The demand for air rate for transforming the oscillating flame 
to the stable flame is hence different depending on the fuel composition. Among the 
combustible species (H2, CO, and CH4) in syngas composition, CO is considered to be the 
most desirable one as it assists the reduction of the magnitude of oscillation at the strongest 
level comparing to the others. The flame of syngas consisting of the higher concentration of 
this species demand less air rate to become stable. Combining this finding with the result 
obtained in Chapters 5 and 6, the role of this species is emphasised as it provides the lower 
magnitude of oscillation but the higher heat generation capability. Thus, syngas with the 
lower H2:CO ratio is preferable. However, it is necessary to take into account that this study 
does not consider the flammability limit also emission formation.  
On the other hand, adding CH4 into syngas composition escalates the average flame length 
significantly causing the larger demand for the amount of air supplied into combustion to 
push the vortices outside the visible flame, so the flame is stable. Increasing the 
concentration of this species in fuel composition is an effective method for escalating the 
heat generation and heat transfer performance of the flame according to the result of Chapter 
5. In this chapter, the mentioned method is found to be beneficial only when the flame is 
stable. Thus, it is necessary to provide a sufficient amount of air rate when this method is 
applied. Without a sufficient amount of air rate, the flame with a higher percentage of CH4 
has a higher magnitude of oscillation and the possibility to be a tip-cutting flame. Hence, a 
significantly higher level of fluctuation of heat generation is expected. 
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A contradictive result is found when CH4 is added into syngas composition. This species 
assists the reduction of the magnitude of oscillation but causes a higher demand for air rate 
to become a stable flame. Further study on the larger range of fuel and air rate is required in 
order to understand this finding and confirm the role of this species on the reduction and 
elimination of the flame oscillation.     
Apart from the disappearance of flame oscillation, the impact of co-flow air on the flame 
characteristics (e.g. the flame movement and structure, flame temperature, total chemical 
heat release, and flame length) is considered as insignificant. The higher air rate supplied 
into the combustion could reduce the average flame length (Hf-ave) and flame temperature (T-
ave). Nevertheless, the reduction rate of the profile of these parameters per increasing co-flow 
air rate is significantly low compared to the value of the average flame length and flame 
temperature. For instance, the value of Hf-ave and T-ave change ~0.5% and ~0.05% 
respectively when 20 SLPM of air rate is supplied. For the average total chemical heat 
release Q-ave, the co-flow air rate does not affect the value as seen from the profile of this 
parameter of most fuel composition which is constant at the range of air rate studied. For the 
flame of H2 and H2-rich, the reduction rate of Q-ave profile is significantly low compared to 
the value of Q-ave; the value of this parameter change ~0.07% after 20 SLPM of air rate is 
supplied. As a result, the impact of co-flow air on these parameters is considered as weak. 
The significant role of CO2 and N2 is seen from a study of the disappearance of flame 
oscillation. Adding either of these species into the syngas composition is an effective method 
for increasing the flame stability. This finding is in the same as reported in Chapter 6. 
However, both CO2 and N2 are non-combustible species, and the dilution of them to syngas 
composition decreases the percentage of combustible species resulting in the lower heat 
generation capability. The additional percentage of them in fuel composition should be 
optimised for a suitable value. 
7.5 Conclusion  
The CFD model formulated in Chapter 6 initially simulates the unstable flame with the 
highest magnitude of oscillation and oscillating wavelength. An increase of co-flow air 
results in the reduction of the magnitude of oscillation and disappearance of flame 
oscillation. It also causes the lower level of fluctuation in the flame temperature and total 
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chemical heat release. The impact of fuel composition on this phenomenon is investigated, 
and the conclusion could be drawn as follows: 
- At the same fuel rate, syngas with the lower ratio of H2:CO ratio requires less air rate 
to become stable. The assumption is proposed as the high diffusive property of H2 
might encourage the Kelvin–Helmholtz (K-H) instability. The additional species 
CH4 increases the demand of air rate to become stable significantly. The addition of 
CH4 increases the flame length; thus, the higher air rate is demanded to push the 
vortices outside the visible flame. Conversely, the species CO2 and N2 reduce the 
demand of air rate for the same purpose.  
- The impact of co-flow air on the average flame length (Hf-ave), flame temperature (T-
ave), and chemical heat release (Q-ave) are insignificant. The higher air rate supplied 
into combustion affects the lower value of these parameters. However, the reduction 
rate of them with respect to an increased air rate is significantly low compared to the 
values of Hf-ave, T-ave, and Q-ave. The values of these parameters change less than 0.5% 
after 20 SLPM of air rate is supplied into combustion. 
- The result emphasises the role of CO as the most desirable species among 
combustible species in the syngas/producer gas composition. Less air demand for 
maintaining the stability of the flame refers to the lower power input to drive the co-
flow air stream.  
- Adding CO2 and N2 to the fuel composition is an effective method for assisting the 
reduction magnitude of oscillation and disappearance of flame oscillation. Both 
species are non-combustible species; hence, the optimisation for the proper 
additional percentage that balances between the flame stability and heat generation 
capability of the flame is required. 
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Chapter 8 Final conclusions and further study  
In this work, the impact of each species in fuel composition of syngas/producer gas on the 
flame characteristics, heat generation capability, emission, and stability were focused. The 
stable and unstable flame of H2, H2/N2, and syngas/producer gas were formulated using 
Computational fluid dynamics (CFD). The results obtained were compared and analysed for 
projecting the impact of each species in syngas/producer gas composition. The finding is 
summarised in this chapter, then the recommendation for further study is provided.  
8.1 Conclusions 
Two CFD models (stable and unstable flame models) were formulated and validated based 
on the experimental result. The burner of Toro et al. [2] was the reference for the first model, 
which was used for studying the stable H2/N2, H2, CH4, syngas/producer gas laminar 
diffusion flame. The second CFD model was generated based on the burner of Gohari et al. 
[88], and this model was specifically designed for investigating the laminar diffusion 
unstable flame of the same fuel. The key findings in Chapter 4-7 were concluded as follow: 
In Chapter 4, the study focused on the impact of H2 content defined as the volume flow rate 
of H2 (̇ݒுమ) on flame characteristics (e.g. flame appearance, temperature, dimension and 
chemical heat release), and emission of a stable laminar diffusion flame. The fuel 
composition was H2 and H2/N2 with a variation in the concentration ratio of H2:N2 as 1:3, 
1:1, and 3:1. The fuel and co-flow air velocity ( ௔ܸ௩௚) were equal for each case, and the value 
was between 0.25 and 0.75 ms-1. Two methods causing the higher content of H2 in fuel 
composition were (i) increasing concentration of H2 (ܺுమ) in fuel composition, and (ii) 
escalating velocity of the fuel stream. The effect of these methods on flame characteristics 
was also examined in this work.  
The result showed that the higher H2 content (higher ̇ݒுమ) in fuel composition led to the 
larger flame size and higher heat generation. The impact of both methods used for increasing 
H2 content was more significant than the effect of H2 content. The flame temperature and 
flame width were dominated by the concentration of H2 in fuel composition (ܺுమ), whereas 
the velocity of fuel stream ( ௔ܸ௩௚) played a significant role in flame length. The NOx emission 
formation due to combustion was analysed along with the study of flame characteristics. The 
production rate of NOx was dominated by the thermal NOx formation mechanism (Zel'dovich 
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mechanism [152]) since the flame having a higher flame temperature formulated NOx at a 
higher rate. Also, it was noticed that the larger (longer and wider) and higher temperature 
flame provided the higher total chemical heat release rate (Q). The result obtained from the 
study supports the flame length theory of Roper [93] in terms of the relationship between 
parameters (e.g. the higher fuel rate and stoichiometric ratio causes the longer flame). 
However, this theory which was designed for the flame of hydrocarbon fuel predicted a 
significantly lower flame length than the experimental result. Therefore, the modification of 
the theory is required as H2 and syngas have a significantly higher diffusive property and 
lower stoichiometric ratio than the hydrocarbon fuel. 
In Chapter 5, the CFD model formulated and used for the study in Chapter 4 was modified 
in terms of dimension for supporting the formulation of the flame of syngas/producer gas 
and CH4. The study focused on the impact of syngas composition on heat generation 
capability and emission formation. The stable co-flow flame of various syngas composition 
was formulated. The composition was set to projects the effect of H2, CO, CH4, CO2, and 
N2. The comparison and analysis of the result projected the role of each species on the 
focused topics. Additionally, the flames of producer gas produced from various feedstocks 
(e.g. rice husk, rubberwood, wood pellets and bamboo) were simulated. The results of these 
flames were examined to confirm the impact of each species.  
The result showed that species CH4 was preferable than other species. The heat generation 
capability was significantly higher when this species was added into syngas/producer gas 
fuel composition. Also, the same action caused the lower emission production rate of NOx 
and CO2 per amount of heat generated. CO was the second preferable species in case that 
the heat generation capability was prioritised. Nevertheless, a significantly higher production 
rate of CO2 per generated heat was an inevitable effect of having a higher concentration of 
CO in fuel composition. The impact of H2 obtained from the syngas/producer was in the 
same direction as the result of Chapter 4. The higher H2:CO reduced the CO2 production rate 
but escalated the NOx production rate as the flame temperature increased. Apart from fuel 
species mentioned, the concentration of CO2 in fuel composition was found to reduce the 
emission production rate of NOx and CO2 per amount of generated heat and assist the 
radiative heat flux transferred from flame. The result again confirms the requirement for 
modifying the theory since significantly lower flame length is computed from the theory 
compared to the CFD result for all the fuel composition. 
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Not only the impact of each species in fuel composition but also the relation between flame 
characteristics and heat generation capability were observed throughout the study. The flame 
temperature was not the major factor controlling the total heat generation capability of the 
diffusion flame (Qtotal). Fuel combustion heat release (Qmax) and flame dimension also played 
a significant role in the heat generation capability of the flame. The higher value of these 
parameters led to the higher Qtotal, and they were capable of compensating the role of each 
other. For instance, the fuel composition having the lower value of Qmax was able to 
formulate the flame having a higher value of Qtotal in case that this flame had a larger 
dimension. 
In Chapter 6, the CFD model was created based on the burner of Gohari et al. [88]. The 
experimental result of this model was utilised as a reference in the validation process. An 
occurrence of flame oscillation due to the Kelvin-Helmholtz type of instability was 
investigated as well as the impact of this phenomenon on heat generation. The fuel 
composition in this study was (i) H2, (ii) syngas with H2:CO as 1:3, 1:1, and 3:1, (iii) syngas 
with H2:CO = 1 mixed with either CH4, CO2, or N2. Comparing the result obtained from 
these compositions projected the impact of each species in the fuel composition of 
syngas/producer gas. The volume flow rate of fuel stream was between 0.2 and 1.4 SLPM 
while the oxidiser of the combustion was ambient air. The flames of all the studied fuel 
compositions were stable at 0.2 SLPM and transformed to oscillating flame called ‘flickering 
and tip-cutting flame’ respectively at different fuel rate depending on fuel composition.  
The study results expressed that syngas with a lower ratio of H2:CO caused a higher 
magnitude of oscillation. Nevertheless, the value of this parameter will not rise further when 
the H2:CO is lower than 1. For instance, the flame of syngas having H2:CO = 1 had a similar 
magnitude of oscillation to the flame of syngas with H2:CO < 1. Adding CH4 into fuel 
composition increased the magnitude of oscillation significantly, and the stable flame was 
more sensitive to the fuel rate in order to become unstable. The opposite direction of the 
result was observed when either CO2 or N2 was added into fuel composition.  
The unstable flame was undesirable as the heat generated from this flame was inconsistent. 
The higher concentration of CH4 was preferable for a stable flame since it encourages heat 
generation capability significantly. The impact of this species on an unstable flame was in 
the same direction, and syngas mixed with CH4 generated the average heat release at a higher 
rate than other fuel composition. However, the side effect of this result was the higher 
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fluctuation level of heat release. Thus, the stability of the flame was a crucial factor in order 
to effectively use the fuel consisting of CH4. The sufficient co-flow air rate was required to 
maintain the stability of the flame when this species was added into syngas/producer gas 
composition. This finding, on the other hand, pointed to the benefit of having CO in fuel 
composition. Syngas with the lower ratio of H2:CO generated a higher heat than one with a 
higher ratio and also had a lower fluctuation level in heat generation capability. Syngas with 
the lower ratio of H2:CO was hence recommended when flame stability and heat generation 
capability were prioritised. Nonetheless, the higher CO2 emission is again the side impact. 
CO2 and N2 were non-combustible species and the addition of them to fuel composition 
decreased the heat generation capability and the fluctuation level of heat release. 
The role of each species on characteristics of a stable and unstable flame of syngas/producer 
was mostly in the same direction. The impact was already mentioned above on the 
conclusion of Chapter 5. The only exceptional case was seen from the effect of CO2 on the 
flame length. Diluting this species to syngas composition decreased the flame length for the 
stable flame but increased the value of this parameter in the unstable oscillating flame. The 
method for computing the average flame length presented in [91] predicts significantly lower 
flame length than the result obtained from the experiment and CFD. In opposite, the flame 
length formula of Roper [93] could provide the flame length closer to the experimental result 
though it was developed for the stable flame.  
In Chapter 7, the same CFD model as Chapter 6 was utilised for studying the impact of fuel 
composition on the reduction and disappearance of flame oscillation. The fuel composition 
was also the same as defined in Chapter 6 as it could project the role of each species on the 
focused topic. The fuel rate was fixed at 1.2 SLPM, while the air rate was varied between 0 
and 20 SLPM. The flame with the maximum magnitude of oscillation was firstly formulated 
at 0 SLPM of air rate where the ambient air was an oxidiser of the combustion. The co-flow 
air rate was then escalated, and this action reduces the impact of K-H instability and pushes 
the vortices outside the visible flame, so the flame oscillation disappears. It was found that 
the unstable flame of different fuel composition became stable at the different air rate. The 
concentration of CO, CO2, and N2 assisted this phenomenon since the flame of fuel 
consisting of the higher concentration of these species required the lower air rate to become 
stable. The opposite direction of the result was observed from the flame of fuel with a higher 
concentration of H2 and CH4. Apart from the reduction of flame stability, the impact of co-
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flow air on the flame characteristics and heat generation capability was considered as 
insignificant compared to the impact of fuel rate and fuel composition.  
8.2 Recommendations for future research 
The fuel composition of syngas/producer gas contains not only single species but also several 
fuel species, e.g. H2, CO, and CH4, and this diversity affected the various aspects of the 
flame property. In this work, the stable and unstable laminar diffusion flame of 
syngas/producer gas was the main focus. Gas turbine and external combustion application 
are suitable for syngas as presented in Chapter 2. However, further study on several topics 
is required for utilising syngas in those applications effectively. The suggested tasks could 
be divided into three aspects.     
Firstly, the knowledge regarding the impact of syngas composition of combustion should be 
extended. In this work, the understanding of this impact was extended. However, the result 
also points to the requirement of further works on the following topics 
- The results projected the benefit of having CO2 in the fuel composition as this species 
assists the heat transfer and the reduction of emission formation. The detailed 
understanding of the role of this species in various combustion applications and 
conditions is recommended. This aspect will further confirm the role of CO2 for this 
advantage/disadvantage and provide the method of utilising the benefit of this 
species. 
- The syngas having a lower H2:CO has a higher capability in terms of heat generation 
according to the study result. However, the investigation did not consider the aspect 
of extinction, which could occur due to the significantly lower H2:CO. The research 
for optimising the proper ratio of H2:CO that balances between the heat generation 
capability and the risk of extinction is hence suggested. 
- Adding either CO2 or N2 to fuel composition was one among the effective methods 
for reducing the flame instability. The side effect of this action was the reduction of 
the chemical heat release since the higher concentration percentage of them also 
refers to a lower concentration percentage of combustible species (H2, CO, and CH4). 
Hence, further optimisation for the suitable percentage of CO2 and N2 in syngas 
composition is required.  
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- Apart from the flame oscillation, there are several aspects of the combustion 
instability (e.g. lift-off, blowout, and extinction limit) of syngas/producer gases, 
remain unanswered. The diversity of fuel composition of syngas/producer gas would 
affect the behaviour of the flame under these situations differently. The study of these 
topics would provide a full understanding of the impact of each species on the flame 
instability. 
Secondly, the combustion is operated under the turbulent flow regime in many 
applications. The study of turbulent diffusion flame of syngas is significant. The 
turbulent diffusion flame of syngas/producer gas was researched as per the survey of 
various works of literature. However, most of them focused on the flame characteristics, 
e.g. flame appearance, temperature, and dimension but not on the heat generation and 
heat transfer. Thus, the study of heat generation capability of the turbulent flame is 
suggested. Understanding of this aspect would provide the method of developing the 
performance of those applications when syngas/producer gas is used as fuel. 
Thirdly, the study of Chanphavong [41] suggested the redesign of the combustion 
chamber for syngas. Based on the result obtained in this thesis, this suggestion is 
supported since the behaviour and characteristics of syngas are different from the 
conventional gas fuel. In other words, the combustion of syngas at the same condition as 
the conventional gas fuel results in different flame temperature, size, the amount of heat 
generated, and emission formation. The redesign of the combustion chamber for a gas 
turbine engine and the furnace for external combustion application is a significant step. 
The innovative design would lead to the effective combustion system which promotes 
the use of syngas. 
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